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Abstract 
 
Titanium and its alloys fulfil a wide range of applications involving aerospace, biomedical, 
chemical and petroleum industries due to their extraordinary properties such as high specific 
strength, excellent biocompatibility and corrosion resistance. Among different types of titanium 
alloys, β titanium alloys have a unique range of properties such as an excellent combination of high 
strength and fracture toughness and low Young’s modulus. Therefore, the usage of β titanium alloys 
in the manufacturing of some key components in aerospace and biomedical industries has 
continually increased in the past decade.  
 
Nowadays many commercial manufacturing processes for metallic materials such as machining, 
explosive welding, hot forging and extrusion employ high strain rates and are conducted at elevated 
temperatures. Also, high-strain-rate deformation can be encountered in collisions such as in car 
crashes, bird strikes on airplanes and micrometeorite impacts on space structures. Hence a large 
number of studies have been conducted on the dynamic response of metallic materials including 
copper, steels, tantalum, Ti-6Al-4V alloy and commercially pure titanium to high strain rates. Due 
to limited knowledge of the dynamic behaviour of β titanium alloys, this thesis mainly investigates 
the stress-strain behaviour and microstructural evolution of β titanium alloys under high strain rates 
at room and elevated temperatures. 
 
Split Hopkinson Pressure Bar compressive tests were carried out on two new types of β titanium 
alloys with different levels of β phase stability, the Ti-6Cr-5Mo-5V-4Al (wt. %) and Ti-25Nb-3Zr-
3Mo-2Sn (wt.%) alloys, at strain rates ranging from 10
-3
 s
-1
 to 10
4
 s
-1
 and temperatures ranging from 
293K to 1173K. The Ti-6Cr-5Mo-5V-4Al alloy, with relatively high β phase stability, represents an 
alloy type which can be engineered through heat treatment or thermo-mechanical processing to 
achieve a superior combination of strength and fracture toughness. While the Ti-25Nb-3Zr-3Mo-
2Sn alloy with relatively low β phase stability represents an alloy type which can be applied in 
biomedical applications due to their low Young’s modulus and superelastic properties.  
 
For the Ti-6Cr-5Mo-5V-4Al alloy, dislocation slip is dominant at all testing strain rates and 
temperatures in this research. The flow stress increases with increasing strain rate but decreasing 
temperature. Also, it is more sensitive to temperature than strain rate. At ambient temperatures, the 
strain hardening rate exhibited by the Ti-6Cr-5Mo-5V-4Al alloy at high strain rates is much lower 
than that at quasi-static strain rates, which is attributed to the thermal softening effect brought by 
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adiabatic heating. While for the Ti-25Nb-3Zr-3Mo-2Sn alloy, multiple deformation mechanisms 
including dislocation slip, {332} <113> and {112} <111> mechanical twinning, stress-induced 
martensitic α” and ω phase transformations can be activated simultaneously and among them {332} 
<113> twinning is dominant at 293K regardless of strain rate. A strong strain hardening rate is 
maintained at high strain rates at 293K due to dynamic Hall-Petch effects induced by extensive 
mechanical twinning. As the stability of the β phase increases with increasing temperatures, the 
dominant deformation mechanism in the Ti-25Nb-3Zr-3Mo-2Sn alloy gradually transforms to 
dislocation slip with increasing temperatures. The comparison between the dynamic behaviours of 
the Ti-6Cr-5Mo-5V-4Al and Ti-25Nb-3Zr-3Mo-2Sn alloys demonstrates that the β phase stability 
has great effects on the dynamic response of β titanium alloys to high strain rates. 
 
In this research, adiabatic shear bands were only observed in the Ti-6Cr-5Mo-5V-4Al alloy 
deformed at 4000s
-1
 and 10000s
-1
 at 873K. The tendency for shear bands to form at an elevated 
temperature is potentially related to the formation of features with string-like morphologies. The 
string-like morphologies are ~30-100 μm in length and ~300-500 nm in width according to optical 
and scanning electron microscopic observations. The grain refinement process of microstructures 
within the shear bands was studied by the observation of morphologies and misorientations of 
microstructures in different locations across the shear bands. Dynamic recovery and rotational 
dynamic recrystallization mechanisms were employed to explain the formation of ultrafine 
subgrains (~100-300 nm) and recrystallized nanograins (~50-100 nm) observed in the core area of 
the shear bands, respectively. It is also noticed that the initiation of adiabatic shear bands did not 
induce a significant drop in flow stress for the Ti-6Cr-5Mo-5V-4Al alloy. 
 
In this thesis, the Johnson-Cook model and a modified Zerilli-Armstrong model have been 
established for the Ti-6Cr-5Mo-5V-4Al alloy and a comparative study on their predictability is 
made. Both the Johnson-Cook model and modified Zerilli-Armstrong model have good capacities 
to describe the flow behaviour of the Ti-6Cr-5Mo-5V-4Al alloy at high strain rates and elevated 
temperatures. The average absolute errors calculated between the predicted data and experimental 
data for the Johnson-Cook model and modified Zerilli-Armstrong model are 6.0% and 5.7%, 
respectively. Although the Johnson-Cook model has a poor track of strain hardening behaviour of 
the Ti-6Cr-5Mo-5V-4Al alloy, it has been proved to be suitable for implementation in Ti-6Cr-5Mo-
5V-4Al alloy machining SPH/FE simulations for cutting force studies. The modified Zerilli-
Armstrong model is able to capture the strain hardening behaviour better as it incorporates the 
coupled effects of strain and temperature. However, for the modified Zerilli-Armstrong model the 
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dynamic recovery or dynamic recrystallization that may occur at elevated temperatures should be 
taken into consideration when selecting data for parameter fitting. Also, the modified Zerilli-
Armstrong model requires more stress-strain data for the parameter fitting than the Johnson-Cook 
model.  
 
The discoveries and discussion made in this thesis can be directly applied to the understanding of 
the dynamic behaviours of β titanium alloys and other body-centred cubic structured metallic 
materials during manufacturing processes or collisions where high strain rates and elevated 
temperatures are involved.  
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1.1 Introduction to Titanium and Its Alloys 
 
Titanium is the fourth most abundant structural metal following Al, Fe and Mg, and is also the ninth 
most abundant element on the Earth. Titanium and its alloys fulfil a wide range of applications in 
aerospace, biomedical, chemical, military and petroleum industries due to their extraordinary 
properties such as high specific strength and excellent corrosion resistance [1, 2]. The general 
characteristics and typical applications of titanium alloys are shown in Figure 1 [3].  
 
Fig.1. General characteristics and typical applications of titanium alloys [3]. 
The crystalline structure of pure titanium will transform from the hexagonal close packed (HCP) 
structure referred to as α phase to the body centred cubic (BCC) structure referred to as β phase at 
the temperature around 882°C (Figure 2 [2]). This temperature is called the β transus. It will 
increase by adding α stabilizer such as Al, O, N, Ga, and C while it will decrease by adding β 
stabilizers such as Mo, V, Ta, Cu, Cr, Fe, Mn, Ni, Co and H to the pure titanium [4]. According to 
the composition and predominant phase of titanium alloys at ambient temperature, they are 
conventionally divided into four categories [5-9]: 
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1. Commercially Pure (CP) titanium: CP titanium is mainly used in the chemical industry due to its 
excellent corrosion resistance. But its strength is comparatively lower than other types of titanium 
alloys. 
2. α alloys and near α alloys: α alloys only contain α stabilizers while near α alloys contain α 
stabilizers and a limited quantity of β stabilizers. Both are preferred in high temperature and 
cryogenic applications due to their excellent creep resistance at elevated temperatures up to 300°C 
(“between 400 and 520°C for near-α alloys” as indicated in Ref.[10]). They are intrinsically 
weldable as they are insensitive to heat treatment, but their forgeability is rather poor.  
3. α-β alloys: This group contains both α stabilizers and β stabilizers. They have a wide processing 
window through which different microstructures and properties can be obtained, providing a good 
opportunity to adjust the properties of the alloys through processing. Their strength can be increased 
greatly through solution treating and aging heat treatments. As reported by Yang et al. in Ref. [4], 
“α-β alloys account for 70% of all titanium used, among which Ti-6Al-4V is the most common 
used one”. To date, Ti-6Al-4V has been extensively used in the aerospace industry. 
4. β alloys: β alloys have the ability to retain a fully β phase structure when cooled from above the β 
transus to room temperature as large amounts of β stabilizers are added to these alloys. They are 
characterised by high hardenability, improved forgeability and excellent cold formability in the 
solution-treated condition. Their disadvantages mainly lie in lower creep strength, tensile ductility 
and poor oxidation resistance thus they are rarely considered appropriate for elevated temperature 
applications. A more detailed description of β alloys will be produced in the Literature Review. 
 
Fig.2. Crystal structures of HCP α-Ti and BCC β-Ti [2].  
 
 Hongyi Zhan 
 
8 The University of Queensland 
1.2 Dynamic Behaviour of Materials  
 
The definition of strain rate (𝜀̇) is the rate of change in strain with regard to time in materials. 
Conventional mechanical tensile or compressive tests are carried out under quasi-static conditions 
where strain rates are slower than 1×10
-3
 s
-1
. Rohde et al. [11] related strain rate to dislocation 
motion and proposed that only when the dislocation velocities are of the same or even larger order 
than the shear wave velocity can the strain rate be defined to be high. The baseline for high strain 
rate is calculated by Rohde et al. [11]  to be 10
4 
s
-1
. However, the strain rates obtained by various 
mechanical testing methods, such as torsion of thin walled tubes [12], thick walled cylinder 
implosion tests [13] and Split Hopkinson Pressure Bar (SHPB) [14] are not larger than 10
4 
s
-1
. For 
SHPB testing, the most widely used method for high strain rate tests, the strain rates achieved 
typically lie in a range of 10
2
-10
4 
s
-1
 [15]. Therefore, the “high strain rate” mentioned in most 
literatures refers to strain rates ranging from 10
3
s
-1
 to 10
4
s
-1
. In this strain rate range, deformation is 
fundamentally different from that in quasi-static conditions. At quasi-static strain rates, a static 
equilibrium state is maintained as any element in the specimens has a summation of forces acting on 
it approximating to zero. However, in high strain rate deformations stress travels through materials, 
resulting in different loading states for different regions. Also, high strain rates affect thermally-
activated mechanisms and may result in microstructural change through adiabatic heating [16]. In 
this context, the response of materials to high strain rates has attracted researchers’ interest and 
formed a new area of study [17].  
 
1.3 Applications involving high strain rate 
 
The high strain rates and elevated temperatures experienced by metallic materials during 
commercial manufacturing processes or extreme service environments also motivate the 
investigation of the dynamic behaviour of metals and alloys at room and elevated temperatures. 
Industrial applications such as explosive welding, explosive forming and machining always occupy 
very high strain rates. Explosive welding is an excellent method for joining metals and alloys with 
very different melting points through producing a weld joint by high velocity impact aided by 
controlled detonation with an explosive charge. This technique has been investigated for welding 
titanium/stainless [18], titanium/steel [19] and titanium/magnesium alloys [20]. Other explosive 
metalworking techniques, like explosive forming [21], have also been developed to take advantages 
of explosive impacts. Machining is the most common manufacturing process and is widely used in 
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industrial production. Typical strain rates for machining processes lie in the range of 10
3
-10
6 
s
-1
 [15]. 
Understanding the dynamic behaviour of materials during machining is helpful for obtaining 
superior surface quality [22] and improving tool life [23]. High strain rate deformation is also 
encountered in car crashes, bird strikes on airplanes and micrometeorite impact on space structures, 
etc. The dynamic response of materials to high strain rates in these instances is tied to life safety. In 
addition, military applications such as protective armour [24] for prevention of ballistic penetration 
also involve high strain rate deformations.       
             
1.4 Thesis Outline  
 
Currently, most studies on the dynamic response of metals and alloys to high strain rates focus on 
copper, steel, tantalum, Ti-6Al-4V and commercially pure titanium. There is no well-established 
research on the dynamic behaviour of β titanium alloys. Complicated phase transformations and 
various deformation mechanisms may occur in β titanium alloys during deformations, which make 
the investigation of the dynamic response of β titanium alloys to high strain rates challenging. The 
aim of this project is to develop a comprehensive understanding of the high strain rate properties of 
new types of β titanium alloys at room and elevated temperatures and to characterize the 
microstructural evolution and deformation mechanisms of the alloys with differing levels of β phase 
stability. This work will be directly applied to optimise the high speed machining of β titanium 
alloys and will also contribute to a better understanding of the dynamic behaviours of BCC 
structured metallic materials.  
Chapter 2 provides a literature review concerning the dynamic response of metals and alloys to high 
strain rates. A detailed description of the complex phase transformations and multiple deformation 
mechanisms that may occur in β titanium alloys is given followed by an introduction to the most 
widely applied high strain rate testing method-Split Hopkinson Pressure Bar testing. The dynamic 
flow behaviours of materials with different crystalline structures at high strain rates are summarized. 
Constitutive models applied to predict flow behaviour of metallic materials, especially the most 
widely used Johnson-Cook and Zerilli-Armstrong models, are reviewed in sequence. Finally, 
microstructural evolution including precipitation, stress-induced phase transformations and 
adiabatic shear banding which may occur during high strain rate deformations are discussed.             
Chapter 3 covers the research findings presented as a series of publications. These papers describe 
the methods, results, discussions and conclusions and were published during the course of 
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candidature. An overview of these papers provides readers with an insight into how these papers 
relate to each other and contribute to an improved understanding of the dynamic behaviour and 
microstructures of β titanium alloys. The final chapter summarizes the research and outlines future 
work.        
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2.1 Beta Titanium Alloys 
 
Over the past decade, β titanium alloys have attracted significant attentions due to their 
extraordinary mechanical properties along with complex phase transformations and deformation 
mechanisms which may occur during plastic deformations. Currently, the investigations on β 
titanium alloys mainly focus on two types of alloys: 1. β titanium alloys for aircraft structural 
applications; 2. β titanium alloys for biomedical applications.   
2.1.1 β titanium alloys for aircraft structural applications 
In terms of damage tolerance, β titanium alloys with an excellent combination of high specific 
strength and superior fracture toughness are promising for structural applications in aerospace 
industry. For instance, forgings of the Ti-10V-2Fe-3Al alloy are increasingly used in the hub of the 
main rotor system in helicopters and forgings of the Ti-5Al-5Mo-5V-3Cr (Ti5553) alloy have been 
used for fabrications of the landing gears in the Boeing-787 and Airbus-350 [25, 26]. Other similar 
β titanium alloys such as Ti-7Mo-3Nb-3Cr-3Al (Ti7333) [27] and Ti-6Cr-5Mo-5V-4Al (Ti6554) 
[28, 29], with ultrahigh strength and excellent ductility, have also been developed recently for 
aerospace applications. As the volume fraction, distribution and morphology of α phase precipitates 
have great effects on the mechanical properties of β titanium alloys [30], a large number of 
experiments have been conducted on the effects of heat treatment on the microstructures and tensile 
properties of this category of alloys.  
Shekhar et al. [31] studied the structure-property correlation in thermo-mechanically processed 
Ti5553 alloy as a function of solution treatment temperature and aging time and temperature. 
Ahmed et al. [32] studied the effect of aging time on the structure-property correlation of the 
thermo-mechanically processed powder Ti-5Al-5V-5Mo-1Cr-1Fe (TC18) alloy at 923 K. The 
influences of solution treatment on microstructure and mechanical properties of the Ti7333 and 
Ti6554 alloys have been investigated by Fan et al. [33]  and Li et al. [34], respectively. As refined 
dispersions of secondary α phase precipitates play a critical role in the improvement of the 
mechanical properties of β titanium alloys, experiments on α phase nucleation sites and influence of 
ω phase on the refinement of the α phase precipitates have been conducted by Zheng et al. [35], 
Ahmed et al. [36], Coakley et al. [37] and Nag et al. [38]. As thermo-mechanical processing has 
been considered as a suitable fabrication approach for titanium alloys, another important topic is 
their flow behaviours and microstructural evolutions during hot deformations. The dynamic 
softening behaviour of the TC18 alloy during hot deformations has been studied by Ning et al. [39] 
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and Liang et al. [40], respectively. Meanwhile, the response of the TC18 alloy to strain, strain rate 
and temperature during hot deformations has been investigated by Nan et al. [41]. Hua et al. [42] 
reported that deformation parameters, such as temperature and strain rate, in hot mechanical 
compressive tests significantly affect the microstructural evolution of the Ti5553 alloy. The hot 
deformation behaviour of the Ti7333 alloy in the temperatures ranging from 770 to 970 ℃ and the 
strain rates ranging from 10
-3
 to 10 s
-1
 has been investigated by Fan et al. [43].  
2.1.2 β titanium alloys for biomedical applications  
Though Ti-Ni shape memory alloys have superior superelasticity (SE), shape memory effect (SME) 
and biocompatibility [44, 45], the use of Ni, which may cause human allergies and hypersensitivity 
[46], has pushed researchers to find replacement for Ti-Ni based alloys. Recently, a range of Ni-free 
β titanium alloys with ultralow Young's modulus, good biocompatibility and superelastic properties 
have been developed for biomedical implant applications [47]. Compared with the Ti-6Al-4V alloy, 
the workhorse in biomedical implantations [48], these β titanium alloys can be engineered to 
achieve a much lower Young’s modulus, ~50 GPa as shown in Table 1 [49]. As the Young’s 
modulus of human bone is ~30 GPa, the reduced mismatch in modulus between human bone and 
the implantation can help alleviate “stress shielding effect” [50]. It is generally accepted that the 
metastable β phase has the lowest modulus compared with α” and ω phases. The origin of low 
Young’s modulus in Ti-Nb-Ta-Zr alloys [51] and cold worked Ti-Nb-Ta-Zr-O alloys [52] have 
been studied and it is reported that “Young’s modulus is lowest near the Martensite start 
temperature (Ms)”. Chang et al. [53] investigated the effect of microstructures on the Young’s 
modulus for Ti-Nb based alloys with different Nb contents and concluded that the Young’s 
modulus depends directly on the chemical compositions of the alloy and its heat treatments.  
In addition, transformations from β phase to martensitic α” phase or ω phase can be induced by 
applied stress when the Ms temperature can be suppressed to around room temperature, which can 
yield alloys with superelasticity and shape memory properties [54-58]. Kim et al. [59, 60] studied 
the effects of Mo and Nb on the superelasticity and shape memory properties of Ti-Nb based 
biomedical alloys and reported that increment in the critical stress for dislocation slip will lead to a 
larger superelastic strain. Umer et al. [61] investigated the effects of Al content on the 
microstructures and superelasticity of the Ti-Nb-Al alloys. Fu et al. [62] developed a new Ti-Zr-Nb-
Sn alloy system and demonstrated a large superelastic recovery strain of 6.0% which was related to 
a strong recrystallization texture. Experiments on the relationship between cyclic deformation and 
superelasticity were conducted for a Ti-26 at% Nb alloy by Tahara et al. [63].    
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Table 1 Mechanical properties of a range of biomedical β-type Ti alloys [49]. 
Biomedical β 
titanium alloys   
Chemical comp. (wt.) E(GPa) YS(MPa) UTS(MPa) El. (%) 
TMZF Ti–12Mo–6Zr–2Fe 74–85 1000–1060 1060–1100 18–22 
Ti-15-5-3 Ti–15Mo–5Zr–3Al 75 870–968 882–975 25 
Ti–30Ta Ti–30Ta (ST) 69 ~430 587 21 
TNZT Ti–35Nb–5Ta–7Zr 55 547 597 19 
Ti-30Ta Ti-30Ta (Aged) 76  892 9.3 
TNZTO Ti–35Nb–5Ta–7Zr–0.4O 66 976 1010  
Ti-24-Nb-4Zr-7.9Sn Ti–24–Nb–4Zr–7.9Sn 42 ~350 850  
Ti–35–4 (Ti–35Nb)–4Sn 42–55 619–787 673–846 7–12 
TNTZ Ti-29Nb-13Ta-4.6Zr 55-65 864 911 13.2 
Ti–13Nb–13Zr Ti–13Nb–13Zr (Aged) 79–84 836–908 973–1037 10–16 
Ti25Nb3Zr3Mo2Sn Ti–25Nb–3Zr–3Mo–2Sn 50–80 440–500 708–715 15.3–31.3 
TNZF Ti–28Nb–13Zr–0.5Fe 58–120 780–1050  7–13 
 
2.1.3 Design Strategy for β titanium alloys  
The dominant deformation mechanism for β titanium alloys will change from dislocation slip to 
twinning and/or stress-induced martensitic (SIM) transformation with decreasing levels of β phase 
stability [54, 64-66]. β phase stability is commonly gauged by Moeq, an equivalent binary Ti-Mo 
alloy concentration [66]. In recent years, bond order (Bo) and d-orbital energy (Md) have been 
applied to predict the relationship between plastic deformation behaviour and β phase stability [67, 
68]. Decreasing β phase stability is reflected by an increase in Md or a decrease in Bo. A Bo-Md 
plot [69] over the range of 2.35 to 2.60 in Md and 2.78 to 2.96 in Bo has been developed based on 
numerous experimental results as shown in Fig.3. Based on variations in deformation mechanisms 
with β phase stability in β titanium alloys, “d-electron alloy design method” has been highlighted as 
a strategy to design β titanium alloys. This alloy design concept was firstly proposed for the 
superelastic properties of β titanium alloys [68, 70, 71].   Sun et al. [47, 72] and Marteleur et al. [73] 
have proved that “d-electron alloy design method” can also be extended to the plastic properties of 
β titanium alloys.  It is observed that when β titanium alloys are designed to be located within a 
specific zone in the Bo-Md diagram (Fig.3), different deformation modes including stress-induced 
martensitic transformation, various types of twinning and/or dislocations slip will be activated 
simultaneously and their interactions significantly contribute to enhanced strain hardening and 
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improved ductility [73, 74]. The Ti-15Mo-5Zr alloy[75, 76] and Ti-10Mo-2Fe alloy [76] are also 
designed to combine {332}<113> mechanical twinning and dislocation slip together to achieve 
large uniform elongation and high yield strength.  
 
Fig.3. Extended Bo-Md diagram in which the β/β+ω phase boundary is shown together with 
the boundaries for Ms=RT and for Mf= RT. The Young’s modulus (GPa) is given in 
parentheses for typical alloys [69].  
 
 
2.2 High Strain Rate Testing 
 
Traditional mechanical testing methods like screw-driven or servo-hydraulic machines render some 
limitations at high strain rates like oscillations and stress waves which can affect the interpretation 
of data [77]. The most crucial limitation is that the maximum strain rate reached by these machines 
is quite low. The highest strain rate for testing in servo-hydraulic machines reported in the past 
literature was only 100s
-1 
[78]. In order to characterize the mechanical response of materials under 
high strain rate deformations more accurately, several high strain rate experimental techniques have 
been applied; torsion of thin walled tubes [12], thick walled cylinder implosion tests [13], modified 
double shear tests and shear-compression specimen tests [79], etc. Among these techniques, Split 
Hopkinson Pressure Bar (SHPB) is the most widely established and accepted.  
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Fig.4. Scheme of SHPB device [80]. 
Instead of using conventional screw-driven or servo-hydraulic methods, SHPB has been used 
extensively to test the dynamic stress-strain behaviour of materials at high strain rates ranging from 
10
2 
to 10
4
s
-1
 [30]. The data obtained by SHPB can be used to fit constitutive models. The prototype 
of SHPB was first built by Bertrand Hopkinson to measure the detonation energy of explosives in 
1914 [14]. Then in 1948, Davies et al. [81] mounted a condenser on the bar to measure the strains.  
One year later, Kolsky et al. [82] completed the basic form of SHPB testing by adding a second bar 
to the prototype developed by Hopkinson and hence the SHPB is also commonly referred to as 
Kolsky bar. In 1970, Hauser et al. [80] added strain gauges to the SHPB and then surface 
displacements can be measured. From then on, the typical scheme of SHPB device was established 
as shown in Fig.4. It consists of a striker bar, an input (or incident) bar and an output (or transmitted) 
bar. Specimen is sandwiched between the input and output bar. Once the striker bar impacts the 
input bar, a pulse referred to as incident pulse will be created going through the input bar into the 
specimen. When the incident pulse reaches the interface between the input bar and the specimen, 
part of the pulse (reflected pulse) will be reflected back to the Input bar while the rest (transmitted 
pulse) will be transmitted to the output bar through the specimen. These pulses will be recorded by 
the strain gages mounted on the bars [30]. The flow stress σ, strain ε and strain rate 
𝜀 ̇ are calculated using equations as follow: 
𝜎 = 𝐸
𝐴𝑏
𝐴𝑠
𝜀𝑡                                                                                                                                       (2.1)                                                                       
𝜀̇ = −2
𝐶0
𝐿
𝜀𝑅                                                                                                                                     (2.2)                                                     
𝜀 = −2
𝐶0
𝐿
∫ 𝜀𝑅 𝑑𝑡                                                                                                                             (2.3) 
εR and εt represent the reflected pulse and transmitted pulse, respectively. Ab is the cross-sectional 
area of the bars, As is the cross-sectional area of the specimen and L is the gauge length of the 
specimen. C0 is the elastic wave speed in the bars which can be calculated by equation √𝐸 𝜌⁄   
where E and ρ correspond to Young’s modulus and density of the specimen. As the dimensions 
used in the calculation are all initial values before deformation, the computed stress and strain are 
engineering values [80]. However, engineering values of stress and strain do not describe the real 
behaviour of materials during deformations. Thus it is necessary to transfer engineering values into 
true values to acquire true stress-strain response for the material.     
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The theory and calculation of SHPB experimental data above are based on several assumptions 
listed below [77, 80]: 
(1) The pulse propagating in the bars obey the one-dimensional elastic wave propagation theory. 
(2) Strain pulses do not exceed the elastic limitation of the bars. 
(3) The specimen maintains a state of dynamic equilibrium.  
(4) The plastic deformation in the specimen is uniform. 
Unfortunately, it is almost impossible to satisfy the first assumption above in practice. The pulse 
tend to disperse when moving down the bar as the higher frequency component of the pulse travel 
slower than the low frequency component as shown in Fig.5 [83]. The dispersion of the pulse will 
produce oscillations on the stress-strain curve and distort the true response of the material in 
deformations  [83]. Up to this stage, Fast Fourier Transform (FFT) has been used to correct the 
dispersion.  
 
Fig.5. Plot showing the break-up of a trapezoidal pulse due to dispersion [83]. 
 
Recently, the SHPB technique was extended from compressive tests to tensile [79, 84] and torsion 
tests [79, 84-86]. Setup and corresponding specimens for these tests are different as shown in Fig.6. 
Under the same conditions, tensile tests allow a higher effective strain rate than compression tests. 
However, the state of tri-axial stress and non-uniform strain in tensile tests make the stress-strain 
curve obtained deviate from the real response of the material [80]. Advantages involved in torsional 
tests are relatively uniform strain distribution and pure shear stress state [79]. Compared with the 
former two tests, the biggest advantage of compressive tests is that a higher shear strain can be 
reached before fracture, which enables researchers to observe the microstructural changes that may 
occur in deformations. Especially, when using hat-shaped specimens which were first used by 
Meyers et al. [87], the largest shear strain can reach 4 or even higher. The basic theory for using 
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hat-shaped specimen in compressive SHPB tests to achieve large strains is shown in Fig.7.  
 
In order to investigate the effects of high temperature on the dynamic deformation behaviour of 
materials, a high temperature SHPB test system has been developed in the experiments conducted 
by Seo et al. [88] as shown in Fig.8. It has been verified that the effect of thermal gradient and 
oxidation on the flow behaviour of Ti6Al4V at high strain rates can be neglected [88]. Barrelling 
becomes more serious with increasing temperature, thus the lubrication between the two ends of the 
specimen and the two pressure bars is important to dampen negative effects caused by barrelling. 
 
Fig.6. (a) Tensile test with planar shear specimen; (b) Compressive test with hat-shaped 
specimen; (c) Torsional test with thin-walled tubular specimens [89]. 
 
Fig.7. Schematic illustration of a cross-section in the “hat-shaped” sample within the 
Hopkinson bar testing apparatus and the enlarge view show the region of shear deformation 
within the sample [90]. 
Though widely used for high-strain-rate mechanical tests, limitations of SHPB tests are still very 
evident when compared with practical conditions in manufacturing processes. It can be seen in 
Table 2 and Table 3 that the strain and strain rate which can be obtained in SHPB tests are 
significantly lower compared with those in manufacturing processes.  Although strain is a function 
of specimen size, large strains cannot be achieved by reducing the specimen size without limitations. 
When determining the size and slenderness ratio of cylindrical specimen for SHPB compressive 
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tests, friction between the specimen and bars, stress equilibrium within the specimens and radial 
inertia should be taken into consideration in order to obtain a dynamic stress-strain relationship in 
good agreement to the real condition for tested materials. Therefore ratio of length-to-diameter of 
cylindrical specimen has been determined to be in the range of 0.5-1 for SHPB compressive tests 
[91, 92]. Also, it has been reported that “the number of oscillations in the stress-strain curve 
increases considerably when the specimen diameter is reduced, probably due to an increase in the 
triaxiality of the stress state in the bars for smaller diameters. Part of the bar end is free, and thus is 
in zero-stress condition. Therefore, differences between the bar axis and its lateral surface, near the 
end, will be higher if the specimen diameter is reduced [93].” In a summary, reducing the size of 
cylindrical specimen cannot help us achieve a strain larger than 0.6 without distorting the obtained 
stress-strain curves. Therefore it is still difficult to use data obtained by SHPB tests to acquire 
satisfactory characterization of the flow behaviour of materials in manufacturing process. Currently 
stress-strain data from SHPB tests are mostly applied in the establishment of constitutive models 
which can be applied into finite element simulations.  
 
Fig.8. Scheme of the high-temperature compressive SHPB apparatus [88]. 
 
Table  2 Typical strains, strain rates, and temperatures (Th=T/Tmelt) of some manufacturing 
processes [15]. 
Process Strain Strain rate (/s) Th 
Extrusion 2-5 10
-1
-10
2
 0.16-0.7 
Forging/rolling 0.1-0.5 100-10
3
 0.16-0.7 
Sheet-metal forging 0.1-0.5 100-10
2
 0.6-0.7 
Machining 1-10 10
3
-10
6
 0.16-0.9 
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Table 3 Typical SHPB test conditions[15] 
Testing parameters Largest strain Largest strain rate(/s) Highest temperature (℃) 
Khan et al.[94] 0.25 1700 482 
Lesuer et al.[95] 0.28 4500 25 
Macdougall et al.[96] 0.12 577.4 20 
Nemat-Nasser et al.[97] 0.6 3700 725 
Johnson et al.[98] - - - 
Songwon Seo et al.[99] 0.3 1400 1000 
Lee et al.[100] 0.28 3000 1100 
 
2.3. Dynamic Flow Behaviour at High Strain Rates 
2.3.1 Mechanical Properties at High Strain Rates 
Mechanical properties exhibited by metallic materials during high strain rate deformations are quite 
different from those under quasi-static deformations. They are highly dependent on crystal lattice 
configuration, matrix phase stability and stacking fault energy (SFE). For heavily stabilized body-
centred cubic (BCC) structured and high-SFE face-centred cubic (FCC) structured metallic 
materials, dislocation movement is generally accepted as the dominant deformation mechanism. 
According to dislocation dynamics [101, 102], flow stress σ consists of a thermal component σth and 
an athermal component σa. Thermal component, controlled by shot-range barriers such as 
dislocation forest and Peierls stress, is sensitive to temperature and strain rate while athermal 
portion, controlled by long-range barriers such as grain boundaries and secondary precipitates, is 
always regarded as independent of temperature and strain rate. According to Harding et al. [103], 
thermal component becomes relatively more important at low temperatures and high strain rates as 
thermal vibration can help to overcome short-range barriers. The rate equation for the plastic flow 
controlled by thermal vibration can be written as [104]: 
?̇? = ?̇?0 𝑒𝑥𝑝 (−
𝐺∗
𝑘𝑇
)                                                                                                                           (2.4) 
where 𝐺∗ is activation energy, which is strongly dependent on 𝜎𝑡ℎ , ?̇? represents shear strain rate, ?̇?0 
is a parameter which depends mainly on dislocation density, vibrational frequency and strain per 
successful activation, k is Boltzmann’s constant and T absolute temperature [104]. 
Activation volume v* is a concept defined to describe the work done by external stress during 
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thermal activation. Its format can be derived from the rate equation (2.4), as shown below: 
𝑣∗ =  − (
𝜕𝐺∗
𝜕𝜎𝑡ℎ
)
𝑇
= 𝑘𝑇 (
𝜕𝑙𝑛
?̇?
?̇?0
𝜕𝜎𝑡ℎ
)
𝑇
                                                                                                       (2.5) 
For most single-phase BCC structured materials, the thermal activation of dislocation slip is mainly 
controlled by Peierls stress. Therefore the yield strengths of BCC metals and alloys increase with 
increasing strain rates but decrease with increasing temperatures as Peierls stress is a kind of short-
range barrier sensitive to strain rate and temperature [16]. For the same reason, the activation 
volume of BCC structured materials is constant irrespective of strain and much smaller than that for 
pure FCC structured materials [102, 104, 105]. Unlike yield stress, the strain hardening rate of BCC 
metals and alloys is mainly controlled by long-range barriers [103]. As long-range barriers are 
insensitive to temperature and strain rate, the strain hardening behaviour of BCC metals and alloys 
is always regarded as rate- and temperature-independent. Meyers et al. [106] conducted a sequential 
interrupted compressive test to establish the isothermal curve for tantalum (BCC structured metal) 
deformed at 3500 s
-1
 as shown in Fig. 9(a). Comparing the isothermal stress-strain curve at 3500 s
-1
 
with the curves at very low strain rates in Fig. 9(b), the parallelism between these curves indicates 
that the evolution of strain hardening of tantalum is insensitive to strain rate.   
The thermal activation for pure FCC structured materials is primarily controlled by dislocation 
forests rather than Peierls stress [105]. Therefore the strain hardening behaviour of FCC metallic 
materials is highly dependent on strain rate and temperature as high strain rates will contribute to an 
enhanced rate of multiplication of dislocations with straining and elevated temperature will induce 
recovery of dislocation structures. Another characteristics of FCC metals and alloys is that strain 
rate and temperature have a small influence on their yield strength [16]. The most representative 
FCC metal with these features is OFHC Cu [107]. FCC structured Inconel 690 superalloy [108] also 
showed similar characteristics though mechanical twinning was observed in it. Aluminium alloys 
AA5754 and AA5182 [109], typical high-SFE FCC materials, showed low rate-dependency for 
yield strength and strain hardening rate at room temperature. At high strain rates, their yield stress 
remained constant at different temperatures, while strain hardening rates decreased with increasing 
temperatures as shown in Fig. 10.  
The dynamic response of hexagonal-close packed (HCP) structured metallic materials to strain rate 
and temperature is similar to BCC structured metallic materials as reviewed by Gray et al. [16]. One 
important characteristics of HCP structured materials is that the shapes of stress-strain curves are 
highly dependent on the relative orientation between loading axis and crystallographic c-axes due to 
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the nature of crystallographic anisotropy in HCP lattice as shown in Fig.11 [110]. Therefore the 
influence of strain rate and temperature on their yield strengths and strain hardening rates can also 
be anisotropic. Multiple deformation mechanisms including different forms of slip (basal, prismatic 
and pyramidal) and different twinning systems (extension and contraction) may be activated under 
different loading conditions, leading to different responses to high strain rates. Ulacia et al. [110] 
reported that for a Mg AZ31 sheet the yield strength did not vary with strain rate when testing the 
material in compression along rolling direction due to the preferential activation of twinning. 
However, when prismatic and basal slips are dominant in the deformation, there was a significant 
variation in the yield strength with strain rate in the AZ31 alloy. Shen et al. [111] observed that the 
strain hardening responses of magnesium alloy AMX602 to differing loading rates were in 
variances when loading direction was kept constant. Gurao et al. [112] found that the strain 
hardening behaviour of pure titanium in high-strain-rate deformations was complicated due to 
enhanced twinning behaviour and the variance between strain hardening rates for differently 
oriented samples was reduced at high strain rates.      
 
Fig.9. (a) Continuous and sequential (isothermal) stress-strain response of tantalum at 
nominal strain rate of 3500 s
-1
 in room temperature; (b) Comparison of stress-strain curves at 
different 
 It is worth noting that the understanding of flow behaviour of metastable BCC structured materials 
and low-SFE FCC structured materials as a function of temperature and strain rate becomes 
relatively complex as temperature and strain rate will affect the activation of different mechanisms 
including dislocation slip, mechanical twinning and martensitic phase transformations. Twinning-
induced plasticity (TWIP) and transformation-induced plasticity (TRIP) are two similar but 
competing mechanisms for enhancing plasticity, which have been reported in less stabilized BCC 
structured materials and low-SFE FCC structured materials. Lee et al. [113] studied the influence of 
strain rate on the TRIP-TWIP transition in Austenitic Fe12Mn0.6C steel and qualitatively described 
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SFE dependence and strain rate dependence of the strengthening mechanism in the Fe12Mn0.6C 
steel as shown in Fig.12. Yang et al. [114] and Bintu et al. [115] reported that the strain hardening 
rate decreases at high strain rates in TWIP steels as adiabatic heating brought by high strain rate 
deformations will retard twinning. Russel et al. [116] observed that in the Fe85Cr4Mo8V2C1 alloy 
higher strain rates promoted formation of martensite at the onset of deformation. Whether 
martensitic transformation will increase the flow stress or not depends on the hardness of martensite 
in relation to parent phase. Kim et al. [78] reported that the flow stress under quasi-static loading 
conditions is larger than that in deformations at higher strain rates in the early plastic strain range 
strain rates [106].  
 
Fig.10. Effects of initial temperature on flow stress at a strain rate of 1500 s−1 for (a) AA5754 
and (b) AA5182 [109]. 
for the TRIP780 steel. As the martensitic phase is harder than the austenite in the TRIP780 steel, a 
potential reason for this flow softening at high strain rates is that high strain rates retard the 
martensitic transformation. For an FCC structured AlCrFeCoNi high entropy alloy with low SFE, 
an exceptional strain hardening rate was observed irrespective of strain rate [117]. This is 
speculated to be due to secondary nano-twins occurring during high strain rate deformations. 
Though TRIP and TWIP phenomena have been reported in BCC structured β titanium alloys [54, 
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64, 65], no study has systematically studied their mechanical behaviour at high strain rates over a 
wide range of temperatures.   
 The ductility and fracture resistance of materials also depend on strain rate and temperature. 
Studies on biomedical titanium [85, 118] and Al-Sc alloys [119] suggest that the ductility of 
materials increase with increasing strain rates. However, similar studies conducted on Inconel 690 
superalloy [120] and 316L stainless steel [121, 122] indicated that the ductility and fracture 
resistance decreased with increasing strain rate. El-Magd et al. [123] reported that when strain rates 
exceeded 1000 s
-1
, the ductility of AA7075 aluminium alloy and AZ80 Mg alloy increased 
significantly with increasing strain rates while the Ti6Al4V alloy rendered a contrary behaviour. In 
the study conducted by Ryttberg et al. [124] on high strength aluminium alloys, it was concluded 
that for failure by tensile cracks at low loading rates the impact fracture toughness decreases with 
increasing loading rates; for failure by adiabatic shear bands at higher loading rates the fracture 
toughness increases with increasing loading rates. In summary, the effects of strain rate on ductility 
are material-dependent. As to the dependence of ductility of materials on temperature, the ductility 
will generally be improved with elevated temperature due to enhanced thermal softening effects [85, 
120, 121].  
 
Fig. 11. True stress–true strain curves corresponding to high-strain-rate (103 s−1) tests 
performed on the Mg AZ31 alloy at room temperature and at 250 °C: (a) RD-T vs. RD-C; (b) 
RD-T vs. TD-T; and (c) RD-C vs. ND-C; (d) Schematic illustrating the relative orientation of 
the tension and compression axes with respect to the c-axes and the sheet reference system 
(RD, TD, ND) for all the tests carried out in the present investigation [110]. 
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Fig. 12. Effect of strain rate on plasticity-enhancing mechanisms in austenitic alloys with SFE 
ranging from 12 to 18 mJ/m
2
 [113].  
2.3.2 Strain Rate Sensitivity and Temperature Sensitivity 
The dependence of strain rate effect and temperature effect on strain rate, strain and temperature are 
always quantified by strain rate sensitivity, β, and temperature sensitivity, na. Calculations for them 
are listed below: 
 𝛽 = (𝜎2 − 𝜎1)/𝑙𝑛(𝜀2̇ − 𝜀1̇)                                                                                                            (2.6) 
𝑛𝑎 = |(𝜎2 − 𝜎1)/(𝑇2 − 𝑇1)|                                                                                                             (2.7)       
In equation (2.6), the stresses σ1 and σ2 are obtained from tests conducted at average strain rates of 
𝜀1̇ and 𝜀2̇ , respectively. In equation (2.7), the stresses σ1 and σ2 are obtained from tests conducted at 
temperatures of 𝑇1  and 𝑇2 , respectively [118, 125]. It is generally observed that strain rate 
sensitivity will increase with increasing strain rate and decrease with increasing temperature for 
most metallic materials [85, 118, 120-122]. In addition, some experimental results show that strain 
rate sensitivity tends to increase greatly beyond a strain rate of 10
3
s
-1
 as shown in Fig.13 [108]. This 
large increment in flow stress beyond 10
3
s
-1
 has been interpreted as a transition from thermally 
controlled activation mechanisms to dislocation drag controlled mechanisms at higher strain rates 
according to Meyer et al. [17].
 
However, Fallansbee et al. [126] suggested that improved strengths 
should be attributed to the enhanced rates of dislocation multiplication, instead of the change in 
deformation mechanism. This alternative view was supported by Lee et al. [127] and Zerill et al. 
[128] in their studies on 304L stainless steel and OFHC copper, respectively. As to temperature 
sensitivity, there exist some contradictions. In Refs [85, 118, 121, 129], the temperature sensitivity 
of the investigated metals was interpreted to increase with increasing strain, strain rate and 
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decreasing temperatures. However, Lee et al. [120] reported that in 690 superalloy temperature 
sensitivity increases with decreasing strain rate, while in 304L stainless steel [125] temperature 
sensitivity increases with increasing temperature. It is worth noting that when dynamic strain aging 
(DSA) occurs, the influence of temperature on stress will reverse. DSA is caused by the interaction 
between moving dislocations and mobile point defects and appears at certain suitable combinations 
of strain rate and temperature. DSA has been observed in commercially pure titanium [130], AL-
6XN stainless steel [131] and Ti-6Al-4V [132] and it becomes more pronounced with increasing 
strain and less pronounced with increasing strain rates.  
2.3.3 Dynamic Flow Behaviour of Titanium Alloys                                                                   
Khan et al. [133], Nemat-Nasser et al. [132], Hokka et al. [134] and Lee et al. [85, 118, 129] have 
performed dynamic mechanical tests on titanium alloys and observed that flow stress was sensitive 
to high strain rate and elevated temperature. Furthermore, for the Ti6Al4V [129] and 
Ti15Mo5Zr3Al alloys [85] researchers found that flow stress was more sensitive to changes of 
temperature than strain rate. In the study on the dynamic behaviour of the Ti6Al4V alloy with three 
different microstructures [132], it was found that initial microstructures only affected the athermal 
portion of flow stress while the thermal part depends on temperature and strain rate. Song et al. [135] 
have conducted dynamic compressive tests on the β Ti-Nb-Zr-Mo-Sn alloy and found that the flow 
stress decreased slightly when the strain rate was raised to 1000 s
-1
 as shown in Fig.14. It may be 
attributed to the fact that high strain rates increased the volume fraction of α” martensitic phase 
which has a lower hardness than β phase. Negative strain rate sensitivity is also reported by 
Farghadany et al. [136] in the β Ti-Nb-Ta-Zr alloys and is likely due to the increased volume 
fractions of softer martensitic phase as the strain rate increased.  
 
Fig.13. Influence of strain rate on flow stress at different temperatures for inconel 690 
superalloy [108]. 
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Fig.14. Experimental results from quasi static and dynamic compression testing for the near β 
titanium alloy (TLM 820_AC_Quas: 10
-3
 s
-1
, TLM 820_AC_SHPB: 10
3
 s
-1
) [135]. 
 
2.4 Constitutive Modelling 
2.4.1 Introduction to Constitutive Models 
Materials constitutive models are used to describe the relationship between flow stress, strain, strain 
rate and temperature of materials. This forms the foundation for finite element analysis (FEA) 
modelling of their deformation behaviours. Several constitutive models, based on differing theories, 
have been proposed and can be categorised into three different types:  phenomenological, semi-
empirical based and physically based models, respectively. Physically based models, such as the 
Mechanical Threshold Stress (MTS) model [126] and the Bammann-Chiesa-Johnson (BCJ) model  
[137], are based on specific physical theories and can provide good agreement to experimental 
results. However, parameters for these models are difficult to obtain as they always require some 
data from strictly controlled experimental tests. In addition, the accuracy of some material property 
constants used in these physically based models is still in doubt. Moreover, these physically based 
models are not readily available in FEA code. Compared with physically based models, the 
Johnson-Cook (JC) model [138], one of the most frequently used empirical models, is more 
preferred by investigators because parameters for the JC model can be obtained using fewer stress-
strain curves due to its simple mathematical form. Also, the JC model can be applied directly to the 
major commercial FEA packages. The main drawback of the JC model lies in its simple 
mathematical form as it neglects the coupled effects of strain rate, strain and temperature on flow 
stress. Also, being an empirical model the average absolute error will increase with increasing 
 Hongyi Zhan 
 
28 The University of Queensland 
deviation of strain, temperature or strain rate from the reference condition defined by users [139]. 
Another frequently used constitutive model available in commercial FEA package is the Zerilli-
Armstrong (ZA) model [101]. Although the ZA model is based on dislocation dynamics, the 
parameters for the model are still determined by fitting the model to stress-strain curves of materials 
in a similar manner to the JC model. Therefore, the ZA model is a kind of semi-empirical model. 
Some researchers prefer the ZA model to the JC model as the former not only incorporates the 
coupled effects of strain rate and temperature but also considers dislocation characteristics for 
particular crystalline structures.  
One challenge involved in the application of constitutive models is that it is almost impossible to 
verify their effectiveness at strains larger than 0.5 when the strain rate is higher than 10
3
 s
-1
. This is 
because that the stress-strain curves used for parameter fitting are obtained from conventional 
SHPB testing and the strains reached rarely exceed 0.6 due to equipment limitation [15]. 
Unfortunately, the strain typically reached in some manufacturing processes such as machining and 
extrusion [15] can exceed 1. Moreover, for some constitutive models which are established on the 
basis of dislocation dynamics, the activation of mechanical twinning in specimens during high 
strain rate deformations will affect their fitting process and predictions. In current work, we decided 
to model the dynamic stress-strain behaviour of the β titanium alloys at high strain rates and 
elevated temperatures based on the JC and ZA models in consideration of the convenience of input 
into FEA packages. 
2.4.2 Johnson-Cook Model 
The Johnson-Cook (JC) model, firstly proposed in 1983 [138], is one of the most frequently used 
phenomenological model. The basic form of the JC model is defined by the product of three distinct 
mathematical terms: 
σ = (A + B𝜀n) (1 + Cln
ε̇
ε̇0
) [1 − (
T−Tr
Tm−Tr
)
m
]                                                                                  (2.8)                                                                                                                                                   
in which σ is equivalent flow stress, ε is equivalent plastic strain,  𝜀̇ is equivalent plastic strain rate 
and 𝜀0̇ is the reference equivalent plastic strain rate defined by users (usually defined as 1.0 s
-1
). T, 
Tr and Tm are workpiece temperature, room temperature and materials melting temperature, 
respectively. There are five parameters in this model in which A represents yield stress, B and n are 
strain hardening constant and exponent, C accounts for strain rate hardening and m accounts for 
thermal softening. Instead of being based on any physical theory, the JC model just considers the 
independent effects of strain hardening, strain rate hardening and thermal softening on flow stress 
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and multiplies them together to calculate the flow stress [140]. The parameters can be obtained by 
fitting the model to stress-strain curves over different temperatures and strain rates.  
 
Fig.15. Comparison between the predicted and measured stress–strain curves for Ti6Al4V 
specimens deformed at 2×10
3 
s [141]. 
It is important to include the temperature change caused by adiabatic heating in the process of 
fitting. In 1998, Lee et al. [141] calculated a set of parameters for the JC model for Ti6Al4V and 
included the adiabatic temperature elevation in the parameter fitting. They added an increment to 
the initial testing temperature to obtain the actual temperature which was used to calculate the 
parameter for thermal softening i.e. m. The comparison between the predicted and measured stress–
strain curves is shown in Figure 15. They also estimated the temperature elevation in the specimens 
deformed under different circumstances, as listed in Table 4, from which the temperature elevation 
is particularly evident, especially for low initial testing temperatures. One equation has been 
extensively used to estimate temperature change during high strain rate deformations over the past 
decade:  
∆𝑇 =
𝜂
𝜌𝑐
∫ 𝜎(𝜀𝑖, 𝜀?̇?, 𝑇𝑖)
𝜀𝑖+1
𝜀𝑖
𝑑𝜀                                                                                                            (2.9)                                                                                                                          
in which ρ and c are the density and specific heat of material, respectively. The integral is plastic 
work i.e. the area under the stress-strain curve. η is heat fraction coefficient which is usually defined 
as 0.9 or 1 [15, 80, 85, 132, 142]. The heat produced by plastic deformation hardly dissipates under 
the circumstance of high strain rate deformations, especially when the strain rate is higher than 
1×103 s-1.  There exists a controversy on the value of η. Macdougall et al. [84] observed that η 
varied from 0.2 to 0.7 with increasing strains by using infrared radiometry. The potential reason for 
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this discrepancy may be that the infrared radiometer used by Macdougall et al. only detected the 
surface temperature of the specimens and its accuracy is uncertain. Therefore, the value of η used in 
current work is still generally defined as 0.9. 
In order to make the JC model more accurate in the prediction of flow stress for structural materials, 
some modifications have been proposed. Meyer et al. [143] paid attention to the obviously softer 
predictions of the JC model in comparison to experimental results at high strain rates. They 
reasoned that this was due to the unreasonable choice of 1 s
-1
 as the reference strain rate in the 
calculation of strain rate parameter C [143] and thereby suggested that a higher strain rate should be 
selected as the reference for high strain rate deformations. Holmquist et al. [144] also found similar 
phenomenon and concluded that it is due to the change of deformation mechanism at a higher strain 
rates. They suggested an exponential function of the natural log to replace the linear function of the 
natural log in Equation 2.8. 
Table 4 [141] 
Increases in temperature for Ti6Al4V specimens deformed at a strain rate of 2×10
3
s
-1 
and 
strains ranging from 0.05 to 0.25 at six initial testing temperatures.  
Initial tested temperature(℃) ΔT(℃)     
 ε=0.05 ε=0.1 ε=0.15 ε=0.2 ε=0.25 
25 26.6 55.7 85.9 117.0 148.9 
300 22.4 46.4 71.2 96.6 122.5 
500 19.5 40.4 61.9 84.0 106.5 
700 15.9 33.0 50.7 68.7 87.0 
900 12.6 26.1 40.0 54.2 68.7 
1100 9.3 19.3 29.6 40.2 50.0 
As the dynamic stress-strain behaviour of metallic materials are closely related to their 
microstructural evolution during deformations, constitutive equations fail to predict the flow stress 
of materials well when further deformations result in significant microstructural change [145]. 
Although the JC model is an empirical model, many efforts have been made to relate it to the 
microstructural change that may occur at large strains or high temperatures during manufacturing 
processes in order to make more accurate predictions [88, 146, 147]. Lin et al. [148] developed a 
modified JC model incorporating the coupled effects of temperature and strain rate on the flow 
behaviours and the effectiveness of this modified JC model have been demonstrated for high-
strength alloy steels [149, 150]. Tan et al. [151] found that for 7050-T7451 aluminium alloy the 
value of strain rate parameter C varies with strain and strain rate, therefore they modified the 
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original JC model and made C a function of strain and strain rate.   
2.4.3 Zerilli-Armstrong Model 
The Zerilli-Armstrong(ZA) model [105], which is based on dislocation dynamics, is a semi-
empirical model. There are two different forms for FCC metals and BCC metals, respectively. They 
are given as below: 
σ =  𝐶0 + 𝐶1𝑒
(−𝐶3𝑇+𝐶4𝑇𝑙𝑛?̇?) + 𝐶5𝜀 
𝑛                (BCC)                                                                   (2.10) 
σ =  𝐶0 + 𝐶2𝜀 
0.5 𝑒(−𝐶3𝑇+𝐶4𝑇𝑙𝑛?̇?)                      (FCC)                                                                    (2.11) 
σ, ε, 𝜀̇ and T have the same meaning as for the JC model. C0-5 and n are parameters of the model. 
Unlike the JC model, strain rate hardening and thermal softening are coupled in the ZA model.   
In view of its mathematical form, the ZA model has a better capacity to describe the behaviour of 
materials as it incorporates the coupled effects of strain rate and temperature. Meyer and Kleponis’s 
study [143] on comparing the effectiveness of the JC and ZA models in the simulations of ballistic 
experiments on Ti6Al4V also verifies this perspective. Even though some sets of parameters for the 
ZA model for the Ti6Al4V alloy and different steels [84, 96, 143, 152-156] have been proposed in 
recent years, some materials constants for the ZA model are very difficult to validate as they require 
the critical resolved stress at 0 K and the athermal stress of materials. Thus, the ZA model does not 
necessarily describe the mechanical response of materials more accurately than the JC model.  
Also, it is not appropriate to apply the ZA model at temperatures above the half of the melting 
temperature of materials [2]. In order to overcome these barriers, the reference condition has been 
introduced into the original ZA model for FCC structured metals and alloys and succeeded in using 
this modified model to predict the mechanical behaviour of a titanium-modified austenitic stainless 
steel [157] and a modified 9Cr-1Mo steel [158] at low strain rates at elevated temperatures. He et al. 
[159] and Shamsolhodaei et al. [160] have applied the modified ZA model developed in predicting 
hot deformation behaviour of 20CrMo alloy steel and NiTi shape memory alloy, respectively. 
However, there is still uncertainty as to whether this modified version can be used in high strain rate 
domain (strain rate >10
3
 s
-1
). Therefore, further investigations are required to test its applicability. 
In addition, Zhang et al. [161] considered the parameter C3 in the original ZA model strain and 
temperature dependent and developed a modified ZA model for alloy IC10 over a wide range of 
temperatures and strain rates. 
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2.4.4 Constitutive Models for Titanium Alloys 
In recent years, constitutive modelling for the dynamic behaviour of titanium alloys has mainly 
focused on the Ti6Al4V alloy and several sets of parameters for the JC model have been determined, 
as listed in Table 5. It is obvious that there exist large discrepancies between different sets of 
parameters. Sun et al. [15] concluded that there are three potential reasons for this discrepancy:  
(1) Differences in alloy composition. 
(2) Different preparation procedures for specimens. 
(3) Different testing methods.  
Variations in alloy composition and preparation procedure will lead to differences in the 
microstructure of specimens. Khan et al. [133] reported that different amounts of α and β phases in 
the Ti6Al4V alloy will affect the calculation of parameters for the JC model, therefore they 
controlled the SHPB experimental temperature below 873K to make sure that the microstructure of 
specimens would remain similar. To date very few works have been done on the calculation of 
parameters for constitutive models for the dynamic stress-strain behaviour of β titanium alloys. As 
far as we know, only Hokka et al. [134] has calculated a set of parameters for the JC model for the β 
Ti-15V-3Sn-3Al-3Cr alloy.  
Table 5 Parameters for the JC model for the Ti6Al4V alloy.  
JC model parameter A(MPa) B(MPa) n C M 
Lee and Lin[141] 728.7 498.4 0.28 0.028 1 
Lee and Lin[129] 724.7 683.1 0.47 0.035 1 
Seo and Min[88] 997.9 653.1 0.45 0.0198 0.7 
Calamaz et.al[147] 968 380 0.421 0.0197 0.577 
Meyer et.al[143] 896 656 0.0128 0.8 0.5 
Meyer et.al[143] 862.5 331.2 0.012 0.8 0.34 
Lesuer et al.[162] 1098 1092 0.93 0.014 1.1 
S.Khan et.al[133] 1104 1036 0.6349 0.0139 0.7794 
S.Khan et.al[133] 1080 1007 0.5975 0.01304 0.7701 
S.Khan et.al[133] 1119 838.6 0.4734 0.01921 0.6437 
S.Khan et.al[133] 984 520.3 0.5102 0.015 0.8242 
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2.5. Microstructural Evolution 
2.5.1 Precipitation, Phase Transformation and Mechanical Twinning  
Over the past years, researchers have investigated the microstructural evolution in metals and alloys 
in high strain rate deformations. They observed that strain rate and temperature have effects on the 
fraction and morphology of precipitates, products from stress-induced phase transformations and 
the evolutions of substructures in metallic materials. 
 
Fig.16. TEM bright-field images and corresponding SAD patterns of aluminium alloy 
impacted at different strain rates of: (a) 667 s
-1
, (b) 1287 s
-1
, (c) 3560 s
-1
, (d) 4353 s
-1
, (e) 5730 s
-
1
, (f) 7050 s
-1
 (The line indicates the {100} Al habit plane.) [163].  
The influence of strain rate and temperature on precipitation is material dependent. Gao and Zhang 
[163] investigated the influence of strain rate on the precipitation behaviour in an impacted 
aluminium alloy and found that both the fraction and aspect ratio of θ’ precipitates within the matrix 
changed drastically when the specimens were deformed at strain rates higher than 5730 s
-1
 as shown 
in Figure 16. In addition, high strain rates can lower the temperature of the phase transformation 
from θ’ phase to θ phase. Lee et al. [118] investigated the microstructural evolution of a biomedical 
titanium alloy deformed at strain rates ranging from 8×10
2 
s
-1 
to 8×10
3 
s
-1
 and temperatures ranging 
from 25℃ to 900℃. It was reported that the proportion of α phase was insensitive to high strain 
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rates but decreased as the deformation approached the β transus temperature. As significant stress 
concentrations will form at α phase boundaries, the fracture strain is reduced as the amount of α 
phase is increased. To date, reports of the changes in precipitation during high strain rate 
deformations are few and this topic requires further investigation.  
In some materials, such as TRIP steels and metastable β titanium alloys, stress-induced martensitic 
(SIM) phase transformations potentially occur at high strain rates at temperatures higher than 
martensite start temperature. It is generally accepted that high temperatures will stabilize parent 
phase, hence delaying SIM transformation [164]. However, the influence of strain rate on SIM 
transformation remains controversial. For metastable β titanium alloys: in  the SHPB experiments 
[135] on the Ti-25Nb-3Zr-3Mo-2Sn alloy, it was observed that the deformations at a higher strain 
rate of 10
3
 s
-1
 increased the amount of  α″ martensite phase as shown in Figure 17. However,  
Ahmed et al. [165] reported that the SIM transformation was diminishing with increasing strain 
rates in a metastable β Ti-10V-3Fe-3Al-0.27O alloy, which was explained by the free energy 
change associated with the phase transformation. Li et al. [166] also found that the triggering stress 
for the SIM transformation in the β Ti-V-(Cr,Fe)-Al alloys increased with increasing strain rates as 
the adiabatic heating induced by higher strain rates can stabilize the β matrix, thereby retarding the 
initiation of SIM.  
 
Fig.17. (a) Orthorhombic α’’ phase distributed across the β phase matrix after deformation at 
a strain rate of 10
-3
 s
-1
; (b) orthorhombic α’’ phase distributed throughout the β phase matrix 
in the Ti25Nb3Zr3Mo2Sn alloy deformed at a strain rate of 10
3
s
-1
 [135]. 
For TRIP steels: The results of experiment conducted by Russel et al. [116] on the 
Fe85Cr4Mo8V2C1 alloy indicate that although high strain rates can promote the formation of 
martensite at the onset of deformation, the accompanying adiabatic heating will decrease the 
transformation rate with further straining. Lee et al. [167] summarized the results of several 
dynamic experiments on steels where a contradiction aroused about the effects of strain rate on the 
 Hongyi Zhan 
 
35 The University of Queensland 
martensitic transformations. Impact process can induce SIM transformation in deformed specimens, 
but the increment in strain rate and temperature will reduce the volume fraction of martensite. 
The substructure evolutions in metals and alloys during high-strain-rate loading also strongly 
depend on strain rate and temperature. It is generally recognized that the density of dislocations and 
mechanical twins will increase with increasing strain rate but decreasing temperature [110, 118, 120, 
167, 168]. In addition, the morphology and distribution of dislocations and mechanical twins are 
also strain-rate and temperature dependent. Lee et al. [118, 120, 169] concluded that with increasing 
strain rate the size of dislocation cells is reduced but the cell walls become thicker, while elevated 
temperatures will contribute to larger dislocation cells and thinner cell walls, as shown in Fig.18. 
According to Dudamell et al. [170], thermal activation is critical for dislocation rearrangement. This 
explains that why high strain rates have adverse influence on the dislocation rearrangement and 
retard dynamic recovery.   
 
Fig.18. Dislocation substructures of 0.15 pre-strained 304L stainless steel deformed at: (a) 
300 °C, ?̇?=2000 s-1; (b) 300 °C, ?̇?=6000 s-1; (c) 800 °C, ?̇?=2000 s-1; (d) 800 °C, ?̇?=6000 s-1[169].  
Li et al. [171] observed pin-like deformation twins in the microstructure of TWIP steel after high 
strain rate deformations. Podurets et al. [172] reported that the deformation twins in copper were 
grouped into packets with widths of 2 to 15μm when certain threshold values of pressure (20GPa) 
and strain rate (>10
6
 s
-1
) were exceeded. Below these thresholds, the deformation twins were more 
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uniformly distributed in the matrix. Ahmed et al. [165] investigated the strain rate dependence of 
mechanical twinning in a metastable titanium alloy and found that the volume fraction of twins 
increased with increasing strain rate as the higher density and faster movement rate of dislocations 
induced by high strain rates will assist the nucleation and propagation of twins.  
 
For HCP structured materials, the influence of strain rate on twinning activity is more pronounced 
and complicated than BCC and FCC structured materials. In the Mg AZ31 alloy, {101̅2} extension 
twin nucleation and propagation were reported to be dramatically enhanced at high strain rates 
[170]. In pure titanium, {112̅4} twinning, absent in quasi-static conditions, was activated in high 
strain rate deformations [173]. In experiments conducted on commercial pure titanium [174], the 
volume fraction of {112̅2} twinning increased with increasing strain rate while the volume fraction 
of {112̅1} twinning decreased slightly. This twin-type selection behaviour was attributed to the 
twinning energy and short time of deformation. The enhanced twinning activity in HCP structured 
materials at high strain rates can not only accommodate plastic strain but also affect texture 
evolution. For example, the activation of the {101̅2} extension twins in HCP structured materials, 
such as the Ti-6Al-4V alloy [175], pure titanium [175] and Zr [176], reorients the c-axis by 94.8° 
and therefore result in a direct change of the (0001) texture. In addition, the matrix reorientation by 
twinning will also change the tendency for the activation of slip systems. Wang et al. [174] 
suggested that as the grains around the {101̅2} extension twin have a high Schmid factor for {101̅1} 
<112̅3> slip system, an increase in the volume fraction of {101̅2} extension twinning will stimulate 
more extensive activation of this slip system in deformed samples. 
 
Furthermore, the review on the influence of strain rate on substructure evolution by Gray et al. [177] 
concluded that dislocation slip and deformation twins are two competing deformation modes and 
the latter form more readily as temperature decreases or strain rate increases. Also, the high stresses 
and dislocation jog movement, enhanced by high strain rates during shock loading, will lead to an 
increased production of point defects in the matrix.     
2.5.2 Adiabatic Shear Band 
Adiabatic shear band (ASB), firstly observed by Zener and Hollomon [178] in steels in 1944, is an 
important deformation mode mainly occurring under high strain rate deformations. Materials may 
crack at the site of shear bands with low ductility once the shear bands forms [179-183]. During 
high strain rate deformations, the heat generated by plastic deformation fails to dissipate thus the 
elevated temperature will contribute to outweigh thermal softening effects over that of strain and 
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strain rate hardening, which leads to the initiation of shear localization. Because of their low strain 
hardening rates and poor thermal conductivity, titanium alloys are recognized to be very susceptible 
to adiabatic shear bands [184, 185] and an optical image of an adiabatic shear band in the Ti-6Al-
4V alloy is shown in Fig.19. Most studies on the ASBs in titanium alloys focus on Ti-6Al-4V [186-
189] and commercially pure titanium [190, 191] and few focus on β-Ti alloys. In this section, we do 
not focus on any specific metals or alloys in order to give a complete perspective of ASB formation. 
 
Fig.19. Optical micrograph of an adiabatic shear band in Ti-6Al-4V [192].  
As adiabatic shear bands lead to the catastrophic failure of materials, the criterion for the occurrence 
of shear bands has aroused the interest of researchers in order to design strategies to mitigate their 
effects. Xu et al. [193] summarized their experimental results and concluded that both a critical 
strain and strain rate is required for band formation. They cited Roger’s [194] words to explain that 
‘‘large strain can be achieved quasi-statically in steel without transformed band formation; hence, 
provided that a minimum strain is achieved, there must exist a strain rate above which the removal 
of heat from the region of deformation is sufficiently limited that the temperature can rise above 
that needed for transformation to occur-at a critical strain rate.’’ In Ref. [118], the results indicated 
that the tendency toward adiabatic shearing increases with increasing strain rate and reducing 
temperature. Boakye et al. [195] conducted systematic observations of the evolution of ASBs with 
different impact momentum (strain rate/strain) and concluded that the shear band structure evolved 
gradually and became more defined with increasing strain rate/strain. Aside from strain, strain rate 
and temperature, the initial microstructure of the materials under impact also have great influence 
on the formation of ASBs. Lee et al. [129] found that “the nucleation and formation of the shear 
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band were influenced significantly by the initial microstructure and hardness of the matrix material”. 
In Refs [196, 197], the experiments on steels with different microstructures indicate that for the 
same strain rates, different microstructures in the same kind of alloy will lead to different degrees of 
susceptibility to ASBs. It was explained that the presence of defects like second-phase particles, 
precipitates or other inhomogeneity in the microstructure of metallic materials can increase their 
susceptibility to strain localization and formation of ASBs. Similar studies conducted by Boakye et 
al. [198] also confirms that “the initiation of ASBs in AISI 4340 steel during impact occurs when 
the microstructure is highly inhomogeneous”.  
 
Fig.20. High-voltage electron micrograph showing an adiabatic shear band bounded by the 
matrix (M) in commercial pure titanium (The black arrows represent boundaries) [199]. 
In the past thirty years, many studies have been conducted on the microstructure of adiabatic shear 
bands in different metals and alloys. Early in 1983, Mebar et al. [192] studied adiabatic shearing in 
four types of Ti-6Al-4V alloys with different microstructures and concluded that all the observed 
shear bands have the same microstructure which consists of fine transformation products with 
arbitrary orientations. Meyers et al. [199] characterized the microstructure within the shear band 
and adjoining matrix in commercial pure titanium using transmission electron microscopy (TEM) as 
shown in Figure 20. Sharp boundaries and well-defined small grains can be observed within the 
shear bands. Andrade et al. [200] investigated the microstructural evolution of copper deformed at 
high strain rates by showing a sequence of TEM micrographs and corresponding diffraction patterns 
from different positions near or inside the shear band as shown in Figure 21. It was concluded that 
towards the centre of the shear band, the elongated dislocation cells break down and are replaced by 
fine equiaxed grains. Nasser et al. [201] and Meyers et al. [106] reached a consensus that in high-
strain-rate deformed tantalum, the microstructure changes from the vicinity of shear bands to the 
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centre of shear bands in the following order; arrays of dislocation lines, dislocation groupings, 
formation of elongated dislocation cells and subgrains, and recrystallized micro-grains. As TEM 
can only observe a limited area of microstructure, electron backscatter diffraction (EBSD) has been 
applied to characterize the microstructure within ASBs in the past decade [202-205]. A series of 
EBSD maps of the adiabatic shear bands in Ti-6Al-4V specimens are shown in Figure 22 [204].  
 
Fig.21. Transmission electron micrographs and diffraction patterns from specimen of copper 
subjected to shear strain of 5: (a) region outside shear localization area; (b) region adjacent to 
shear localization area; (c) region at onset of shear localization area; (d) region at centre of 
shear localization area [200].  
In 2000, Meyers et al. [206] proposed a sequence of events that may occur to form the 
microstructure within ASBs as shown in Figure 23. With increasing strains, randomly distributed 
dislocations will firstly interact with each other to form elongated cells. Then these cells will 
rearrange into subgrains as misorientation increases. Eventually the subgrains will be refined to 
form equiaxed micrograins. This process has been accepted extensively. In the past decade, a 
sequence of experiments has been conducted on the microstructural evolution in the shear bands of 
titanium alloys formed under high strain rate deformations [142, 207, 208] and the observed 
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phenomena agreed well with the model proposed by Meyers et al. [206]. In general, the ASBs in 
titanium alloys are tens of microns wide. Elongated cell structures (0.2-0.5μm wide) with thick 
dislocation walls are located near the boundaries and micrograins (0.05-0.2μm wide) with low 
dislocation density towards the centre. 
 
Fig.22. EBSD images of an ASB in Ti-6Al-4V specimen: (a) and (b) show grain-color maps. 
The black striations at the ASB center represent grains sizes below the resolution limit. (c) 
Phase map. Red represents α-phase grains, blue β-phase. Black represents grains below the 
resolution limit. (d) Orientation map. Same colors are the same orientation. Black represents 
grains below the resolution limit. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of the article.) [204].  
In the investigations of microstructural evolution within ASBs, the formation mechanism of micro-
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grains in the centre of shear bands has attracted a significant attention from researchers. Xue et al. 
[209] suggested that twinning plays a critical role in the formation of micro-grains in stainless steels. 
On the basis of the TEM results, it is surmised that “secondary twins directly led to the formation of 
elongated subgrains. Microtwins inside shear bands promoted division and break-down of the 
subgrains, which further refined microstructures [209]” as plotted in Figure 24. For HCP and FCC 
structured metals and alloys, twin intersections have been reported to play an important role in the 
formation of ASBs [210-212]. The recrystallization mechanism is much more frequently used to 
explain the formation of micrograins. Early in 1986, Meyers et al. [5] concluded that the 
recrystallized grains within shear bands of titanium should occur during the process of plastic 
deformation and also pointed out that some types of grain-boundary sliding mechanism might be 
operational in this process. The study of Hines and Vecchio [90] confirmed that the recrystallized 
grains in the shear bands of copper should be attributed to dynamic recrystallization because the 
kinetics of static recrystallization mechanisms are too slow. After 2000, researchers focused on 
answering two questions: “(1). do the observed recrystallization features occur during or after 
plastic deformation? (2). what is the mechanism of recrystallization? [206]” The calculation and 
modelling in studies conducted by Meyers et al. [206] excluded the probability of migrational 
dynamic recrystallization and strongly supported a rotational dynamic recrystallization mechanism 
[199]. It was surmised that the broken down subgrains transfer to recrystallized micrograins through 
diffusive rotation of grain boundaries, which is driven by reduction in interfacial energy. 
 
Fig.23. Schematic illustration of microstructural evolution during high-strain-rate 
deformation. (a) Randomly distributed dislocations; (b) Elongated dislocation cell formation 
(i.e. dynamic recovery); (c) Elongated subgrain formation; (d) Initial break-up of elongated 
subgrains; and (e) Recrystallized microstructure [206]. 
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Fig.24. The formation mechanism of substructure though secondary twin multiplication (a) a 
typical unit area sandwiched by two primary twin boundaries and (b)continuous shear 
deformation changes the crystalline orientation. (c) The shear stress and the continued 
crystalline rotation activate some twin systems and (d) more twin systems are activated and 
aligned in the same direction as the shear band. (e) A saturation of secondary twins near a 
shear band [209]. 
 
Fig.25. Rotation of grain boundaries leading to equiaxed configuration: (a) broken down 
subgrains; (b) rotation of boundaries [206]. 
The rotation process is shown in Figure 25. A large number of results from experiments in the last 
decade support the rotational recrystallization mechanism: Yang et al. [10-12] validated the 
availability of the rotational recrystallization mechanism based on kinetic calculations and 
estimated the peak temperature in the centre of shear bands of titanium alloys deformed at high 
strain rates. Tang et al. [213] and Zou et al. [214] also attributed the formation of ultrafine grains in 
copper and zirconium alloys at high strain rates to rotational dynamic recrystallization. Another 
similar mechanism named progressive subgrain misorientation (PrisM) was proposed by Hines and 
Vecchio [215]. In PrisM, recrystallized grains “occur by the formation and mechanical rotation of 
subgrains during deformation, coupled with boundary refinement via diffusion during shear band 
cooling [215]”. The distinct textured equiaxed grain structure within the adiabatic shear bands along 
with aligned elongated subgrains and grains in hot rolled interstitial-free steels observed by Lins et 
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al. [216] support PriM. Though the rotational recrystallization mechanism has been widely used to 
explain recrystallization in the shear bands, the exact roles played by temperature and mechanical 
assistance in the formation of micrograins is still unclear due to the limited experimental data and 
knowledge. Temperature seems to play an important role as proved by Nasser et al. [201] and 
Meyer et al. [106] in the high-strain-rate deformed tantalum. They observed that when temperature 
was below 0.4-0.5 of the melting temperature of tantalum, dynamic recovery occurred within the 
shear bands instead of dynamic recrystallization. As mentioned by Rhim et al. [217], most 
researchers defined the critical dynamic recrystallization temperature as 0.4-0.5 of the melting 
temperature of metals and then tried to determine whether the peak temperature within the shear 
band can reach this level. However, Hines and Vecchio [13] found that the role of temperature 
seemed less important in the formation of shear bands as the calculated peak temperature within the 
shear bands of copper is less than the expected recrystallization temperature. Nesterenko et al. [218] 
also noted that rotational recrystallization is primarily caused by dislocation reorganization and does 
not require temperatures on the order of one-half the melting temperature. The coupled effects of 
temperature and mechanical assistance require further investigation.  
 
Fig.26. TEM micrographs and SAD patterns showing the microstructure in the centre of 
shear band in TC 16 alloy: (a) and (b) are the bright field images of the microstructure in the 
centre of a shear band and (c) and (d) are the dark field images and their corresponding SAD 
patterns showing α-phase and α''-phase in (a), respectively [208]. 
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In addition to dynamic recrystallization, phase transformation is another phenomenon that may 
occur along with the formation of adiabatic shear bands. α′ martensitic phase transformation has 
been observed in the shear bands in stainless steel [219] and Fe-Cr-Ni single crystals [220]. Similar 
phase transformations have also been observed in adiabatic shear bands of titanium alloys. In the 
experiments conducted by Bayoumi et al. [221] , X-ray diffraction techniques identified that a non-
diffusional phase transformation occurred, leading to the loss of β structure in the shear bands of the 
Ti-6Al-4V alloy. It is reported that β phase with BCC structure transformed into α′′ phase with 
orthorhombic structure within the shear bands of the TC16 alloy [208] and the Ti-5Al-5Mo-5V-
1Cr-1Fe alloy [222] and the corresponding selected area diffraction is shown in Figure 26 [208]. 
Yang et al. [142] firstly observed β-to-ω transformation in the Ti-1300 alloy and confirmed that the 
high alloy content of this alloy, necessary thermodynamic and kinetic conditions contribute to this 
kind of phase transformation. Though Timothy et al. [223] reported that there was no clear evidence 
to suggest that martensitic transformation occur in the shear bands of the Ti6Al4V alloy, it was 
proved that the peak temperature within the shear bands reached the β transus and lasted tens of 
microseconds. Me-Bar et al. [192] reported that the temperature elevation induced by adiabatic 
heating within shear bands can lead to transformations from α phase to β phase in the Ti6Al4V 
alloy. Also, the cooling rate of materials within shear bands can be as high as 10
7
 s
-1
 [192], which is 
consistent with calculations in later studies [10,12]. It is widely accepted that this extreme 
temperature history offers necessary thermodynamic and kinetic conditions for martensitic 
transformation to occur in the adiabatic shear bands in titanium alloys.  
The temperature elevation within adiabatic shear bands concomitant with the tensile stress 
perpendicular to the shear face contributes to the initiation of voids. Me-Bar et al. [192] found that 
there were two shapes of voids within adiabatic shear bands, namely spherical and elliptical. It is 
summarized that the shape of voids depends on the state of materials when the tensile stress is 
applied. When the material in shear bands is melted, voids will be spherical while if it is just 
softened the voids will be elliptical. This view was supported by Lee et al. [129, 141] and the voids 
and cracks in shear bands observed by Lee et al. are shown in Figure 26. They [129, 141] also 
described the process of the formation of cracks. The width of voids will increase until they reach 
the thickness of the shear band. Then the voids begin to coalesce and extend along the shear band to 
form cracks. Zhang et al. [224] reported that the temperature rise in adiabatic shear bands 
contributed to the generation of voids and the voids will transform into elongated dimples. This 
explains why dimples are dominant on the fracture surface with low ductility under the condition of 
high strain rates.  
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Fig.27. Voids and cracks in an adiabatic shear band of a Ti-6Al-4V specimen deformed at 
700°C at 2×103 s1 [138]. 
 
2.6 Summary of the Literature Review and Research Gaps 
 
Some conclusions can be summarized based on the literature review: 
1. β titanium alloys have been shown to be promising in aircraft structural and biomedical 
applications due to their extraordinary properties such as an excellent combination of 
strength and fracture toughness, low Young’s modulus and good biocompatibility.  
2. Hopkinson Split Pressure Bar testing is the most widely applied laboratory method for the 
systematic investigations of the high-strain-rate response of materials to date despite 
limitations in the highest strains which can be reached in experiments.    
3. Factors such as the crystalline structure, matrix phase stability and stacking fault energy of 
materials will influence the deformation mechanisms activated during high strain rate 
deformations and therefore affect the dynamic response of materials to high strain rates at 
room and elevated temperatures. 
4. Among the reported constitutive models, the Johnson-Cook model and Zerilli-Armstrong 
model are the two most widely used and can easily be applied to commercial finite element 
code. Some modifications have been made to the models in order to make them more 
accurate and valid.  
5. Precipitation, stress-induced phase transformation and substructure evolution occurred in 
materials during high strain rate deformations are influenced by strain rate and temperature. 
Adiabatic shear band is an important microstructural feature mainly occurring under high 
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strain rate deformations and is closely related to cracking of materials. A large number of 
studies have been conducted on the microstructures within adiabatic shear bands and their 
corresponding formation mechanisms.       
Research gaps identified based on the literature review are also summarized as follows: 
1. The dynamic response of β titanium alloys to high strain rates at room and elevated 
temperatures has not been systematically investigated. 
2. β phase stability will affect the deformation mechanisms activated in β titanium alloys 
during the deformations at quasi-static strain rates. However, its influence on the dynamic 
behaviour of β titanium alloys at high strain rates has not been investigated. 
3. The constitutive models which can be applied to commercial finite element code should be 
established for β titanium alloys and their reliability should be tested and analysed.    
4. The microstructural evolution in β titanium alloys during high strain rate deformations 
should be investigated and related to the stress-strain behaviour of the alloys. 
5. The microstructures within the adiabatic shear bands in β titanium alloys require 
investigations and the formation mechanisms of the microstructures within shear bands need 
to be understood.       
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3.1 Overview of the Papers 
 
The current work was conducted to gain a better understanding of the dynamic response of β 
titanium alloys to high strain rates at room and elevated temperatures. Two new types of β titanium 
alloys with different levels of β phase stability were selected. One is the Ti-6Cr-5Mo-5V-4Al 
(Ti6554) alloy developed for heavy section structural aerospace applications. This alloy is 
optimized to provide high levels of strength and toughness based on the similar composition to the 
Ti-5Al-5Mo-5V-3Cr (Ti5553) alloy which has been applied to the manufacture of the landing gear 
for Airbus. The Moeq, a measure of β phase stability, of the Ti6554 alloy is calculated to be ~16. 
The other alloy is the Ti-25Nb-3Zr-3Mo-2Sn alloy developed for biomedical applications. The 
Moeq for this alloy is calculated to be ~10, indicating significantly lower β phase stability relative to 
the Ti6554 alloy.   
 
In this research, the hot rolled rods of the Ti6554 and Ti-25Nb-3Zr-3Mo-2Sn alloys were solution 
treated in a protective Argon atmosphere for 1 h at 1100K and 1023K, respectively. After being 
solution treated, the Ti-25Nb-3Zr-3Mo-2Sn rods were water quenched while the Ti6554 rods were 
air cooled. An extra aging heat treatment was conducted on the Ti6554 rods at 833K for 8 h 
followed by air cooling. Individual cylindrical specimens were cut from these rods using electrical 
discharged machining. The dimension of the cylindrical specimens was ɸ5mm×4mm for the Split 
Hopkinson Pressure Bar (SHPB) tests. To diminish the effects of texture in the hot rolled rods on 
the deformation behaviour of materials, all specimens were taken from the rods along the rolling 
direction. Quasi-static compressive tests were performed using an Instron hydraulic testing machine 
and high strain rate compressive tests were undertaken using a SHPB machine. The details of the 
experiments are covered in the corresponding papers.     
 
In Paper 1, the stress-strain behaviour and microstructural evolution of the Ti6554 alloy deformed 
at high strain rates ranging from 10
3
s
-1
 to 10
4
s
-1
 and temperatures ranging from 293K to 1173K 
were investigated. It is the first time that the dynamic behaviour of a β titanium alloy has been 
studied systematically over such a wide range of strain rates and temperatures. According to the 
microstructures observed in the deformed specimens, dislocation slip was proposed as the dominant 
deformation mechanism for the Ti6554 alloy during high strain rate deformations. Therefore, the 
influence of strain rate and temperature on the flow stress behaviour of the Ti6554 alloy was 
evaluated on the basis of dislocation mechanics. The influence of adiabatic heating on the strain 
hardening was emphasized. Furthermore, features with string-like morphologies were observed in 
 Hongyi Zhan 
 
49 The University of Queensland 
the Ti6554 alloy under specific conditions along with adiabatic shear bands. The potential 
correlation between this feature and shear localization was also discussed. 
 
The microstructures within the adiabatic shear bands observed in Paper 1 and their corresponding 
formation mechanism were further investigated in Paper 2. A high degree of grain refinement was 
observed by TEM in the adiabatic shear bands, which results in significant increase in the hardness 
within the shear bands as reported in Paper 1. The grain refinement process was inferred by the 
TEM observations of morphologies and misorientations of substructures at different locations 
across the shear bands. The role played by dislocation movement and dynamic recovery was 
discussed in detail. The Rotational Dynamic Recrystallization (RDRX) mechanism was adopted to 
explain the occurrence of recrystallized nanograins in the core region of the shear bands. 
Calculations of the kinetics were also undertaken to explore the function of RDRX mechanism.            
 
In Paper 3, two phenomenological constitutive models, the Johnson-Cook (JC) model and a 
modified Zerrilli-Armstrong (ZA) model were adopted to predict the flow behaviour of the Ti6554 
alloy based on the stress-strain curves obtained by SHPB tests in Paper 1. As microstructural 
changes, including the features of string-like morphologies and adiabatic shear bands, did not 
significantly affect the flow behaviour of the Ti6554 alloy, they were neglected in the constitutive 
modelling in order to simplify the establishment of constitutive models. Detailed procedures for the 
establishment of the JC model and modified ZA model were described in Paper 3. The stress-strain 
curves for conditions not used in the fitting process were employed to validate the reliability of the 
obtained constitutive models. Both the JC model and modified ZA model are found to be effective 
in predicting the stress-strain behaviour of the Ti6554 alloy at high strain rates. The efficiency and 
deficiency of these two models were also discussed in detail. The parameters obtained for the JC 
model in Paper 3 have been applied to finite element simulations of laser-assisted machining of the 
Ti6554 alloy and have proven to be effective in this capacity (Appendix).    
 
The first three papers focused on a β titanium alloy with relative high β phase stability. It can be 
inferred that for the β titanium alloys with similar or higher Moeq values to that of the Ti6554 alloy, 
dislocation slip will be the dominant deformation mechanism even at very high strain rates due to 
their very stable β matrix phase and their mechanical properties can be mainly engineered by 
controlling the size, morphology and distribution of precipitates through heat treatment or hot 
deformation. As microstructural changes occurred during deformation over the range of testing 
temperatures and strain rates did not significantly affect the flow behaviour of the Ti6554 alloy in 
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this research, empirical models such as the JC model and modified ZA model were shown to be 
effective in describing the stress-strain behaviour of the Ti6554 alloy.    
 
In Paper 4, the deformation mechanisms and strain rate sensitivity of the Ti-25Nb-3Zr-3Mo-2Sn 
alloy were studied. Microstructural characterization and stress-strain curve analyses were conducted 
for the Ti-25Nb-3Zr-3Mo-2Sn alloy deformed at 10
-3
s
-1
 and 10
3
s
-1
 at ambient temperatures. Based 
on the microstructural observations multiple deformation mechanisms were activated 
simultaneously to accommodate the plastic strain at both quasi-static and high strain rates. Unlike 
the Ti6554 alloy, the influence of adiabatic heating on the strain hardening rate of the Ti-25Nb-3Zr-
3Mo-2Sn alloy was marginal. One potential reason for this is that the temperature increase induced 
by adiabatic heating after the high strain rate deformation of the Ti-25Nb-3Zr-3Mo-2Sn alloy was 
only 38 K, which is obviously lower than that for the Ti6554 alloy (~100K) for a similar strain rate 
and strain. Another factor is that the main deformation mechanism in the Ti-25Nb-3Zr-3Mo-2Sn 
alloy is {332} <113> mechanical twinning, which is relatively insensitive to the strain rate.  
Paper 5 investigated the dynamic response of the Ti-25Nb-3Zr-3Mo-2Sn alloy at room and elevated 
temperatures. The strain rate employed in the research was 10
3
 s
-1 
and temperatures were 293K, 
573K and 873K. To the authors’ best knowledge, this is the first time that a Ti-Nb based β titanium 
alloy has been systematically studied at high strain rates over a wide range of temperatures. Though 
it was already reported in Paper 4 that the strong strain hardening rate exhibited by the Ti-25Nb-
3Zr-3Mo-2Sn alloy in high strain rate deformation at 293K is caused by the intensive mechanical 
twinning, the hardening effect induced by the mechanical twinning was quantitatively analysed in 
Paper 5. One important inference proposed in Paper 5 is that thick twins cannot produce significant 
hardening, which was supported by the aid of a physical argument. The variations in the 
deformation mechanisms activated in the Ti-25Nb-3Zr-3Mo-2Sn alloy with temperatures were 
analysed. Furthermore, the influence of mechanical twinning on the strain hardening behaviour of 
the Ti-25Nb-3Zr-3Mo-2Sn alloy at high strain rates at elevated temperatures was discussed. Yield 
behaviour and texture development were related to the deformation mechanisms activated during 
plastic deformation. 
The combined results from Papers 1, 4 and 5 demonstrated that β phase stability has a significant 
influence on the microstructural evolution and flow behaviour of β titanium alloys during high 
strain rate deformation.  Compared to the Ti6554 alloy, the Ti-25Nb-3Zr-3Mo-2Sn alloy is less 
stable and the deformation mechanisms active under different conditions (strain rate, temperature 
and strain) are more complicated. On the one hand, the Ti6554 alloy exhibited much higher strength 
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due to its aged microstructure. On the other hand, the Ti-25Nb-3Zr-3Mo-2Sn alloy exhibited a 
much stronger strain hardening rate at high strain rates due to the dynamic Hall-Petch effect 
induced by extensive mechanical twinning. In addition, parameters for empirical constitutive 
models for applications in finite element simulations were not calculated for the Ti-25Nb-3Zr-3Mo-
2Sn alloy in this research as the influence of strain rate, temperature and strain on the flow 
behaviour of the Ti-25Nb-3Zr-3Mo-2Sn alloy is too complicated and different deformation 
mechanisms may be activated under different deformation conditions.                 
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Abstract 
The stress-strain behaviour and microstructural evolution of the Ti-6Cr-5Mo-5V-4Al (Ti6554) alloy 
was systematically investigated using Split Hopkinson Pressure Bar (SHPB) tests over a wide range 
of strain rates from 1000 s
-1
 to 10000 s
-1
 and initial temperatures from 293K to 1173K. Dislocation 
slip is the main deformation mechanism for plastic flow of the Ti6554 alloy at high strain rates. The 
flow stress increases with increasing strain rate and decreasing temperature. Also the flow stress is 
more sensitive to temperature than to strain rate. For high strain rate deformations, the strain 
hardening rate is found to be negative at 293K and increases with increasing temperatures. Flow 
softening observed at 293K is potentially caused by adiabatic heating. The increment in the strain 
hardening rate with increasing temperatures may be the result of interactions between thermally 
activated solute Cr atoms and mobile dislocations. When the temperature is raised to 873K, a novel 
α precipitate morphology consisting of globular α aligned in strings was observed in specimens 
deformed at strain rates of 4000 and 10000 s
-1. It has hardening effects on the β matrix and is 
purported to nucleate on dislocations introduced by the high strain rate deformation. Adiabatic shear 
bands were observed in specimens deformed at higher temperatures (873K). The microstructure 
inside the shear bands is harder than that outside of the shear bands in the Ti6554 alloy. 
Key Words:  
Titanium alloys; Precipitation; Shear bands; Split Hopkinson Pressure Bar; Flow softening 
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1. Introduction 
Beta titanium alloys have been developed for use in large section structural aerospace components 
due to their high hardenability and improved forgeability [2, 9, 225, 226]. The Ti-6Cr-5Mo-5V-4Al 
(Ti6554) alloy is a newly-developed metastable beta alloy which has an excellent combination of 
strength and ductility. An ultimate tensile strength (UTS) of around 1250MPa and fracture 
toughness (KIC) from 80 to 90 MPa m
1/2
 can be obtained for the Ti6554 alloy through proper 
solution and aging heat treatments [28, 29]. Under quasi-static conditions, the dominant 
deformation mechanism for β titanium alloys will change from stress-induced martensitic 
transformation to twinning to dislocation slip with increasing levels of β phase stability [54, 64, 65]. 
Due to its relative high stability, the main deformation mode for the Ti6554 alloy under the quasi-
static conditions is dislocation slip. In order to understand and optimize the mechanical properties 
of the Ti6554 alloy through controlling the microstructure, Li et al. and Pinghui et al. have 
investigated the relationship between microstructures and tensile properties of the Ti6554 alloy [227, 
228]. Kent et al. have investigated the influence of aging temperature and heating rate on the 
mechanical properties and microstructure of the Ti6554 alloy [229]. In general, the published 
information on the Ti6554 alloy is limited and no one has investigated its mechanical properties and 
microstructure evolution over a wide range of strain rates and temperatures. However, processing 
technologies involving hot forging, machining and extrusion employ high strain rates even over 
1000 s
-1
. Under conditions of ballistic impact, the strain rate for the deformation of the target can be 
as high as 10
6  
s
-1
. Therefore, it is important to understand, evaluate and predict the dynamic 
response of β titanium alloys over a wide range of strain rates and temperatures.  
The response of metals at high strain rates is quite different to that of quasi-static deformation. Over 
the past decade, researchers have investigated the dynamic response of various metals under the 
conditions of strain rates ranging from 10
-3 
to 10
4 
s
-1
 over a wide range of temperatures. It was 
observed that the dependence of flow stress on strain rate and temperature is material-dependent. 
For most metals the flow stress increases with increasing strain rate but decreases with increasing 
temperature. However, for TWIP steel [171] and some aluminium alloys [230], flow stress is mildly 
sensitive or essentially insensitive to the strain rate. In addition, a strain rate softening behaviour 
was observed for a kind of high manganese steel in the range of ~500-1700 s
-1 
[231].
 
Khan et al. 
[133], Nemat-Nasser et al. [132], Hokka et al. [134] and Lee et al. [85, 118, 129] have done similar 
dynamic experiments on titanium alloys and observed that the flow stress is sensitive to high strain 
rates and elevated temperatures. For the Ti6Al4V [129] and Ti15Mo5Zr3Al [85] alloys, it was 
observed that  the flow stress is more sensitive to temperature than strain rate. In addition, when 
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dynamic strain aging (DSA) occurs, the flow stress will increase with increasing temperature. DSA 
is caused by the interaction between moving dislocations and mobile point defects and appears at 
certain combinations of strain rate and temperature. Nemat-Nasser and his colleagues have 
observed DSA in commercially pure titanium [130] and Ti-6Al-4V [132]. It is concluded that DSA 
becomes more pronounced with further straining and less pronounced with increasing strain rate. 
It is generally accepted that the volume fraction, distribution and morphology of α phase 
precipitates will have effects on the mechanical properties of β titanium alloys. The Ti6554 alloy is 
able to be strengthened by large numbers of uniformly distributed fine lath-like α precipitates 
formed through solution and aging heat treatment at suitable temperatures [229]. The strain, strain 
rate and temperature during dynamic testing can have effects on the volume fraction, distribution 
and morphology of α precipitates. Consequently, it is essential to investigate the relationship 
between the mechanical properties of β titanium alloys and their microstructural evolution over a 
wide range of strain rates and temperatures. In addition, adiabatic shear bands are an important 
phenomenon which mainly occurs during high strain rate deformations. Materials may crack at the 
site of a shear band once the shear band initiates [179-183, 232]. During high strain rate 
deformations, the heat generated by the deformation fails to dissipate and thus the elevated 
temperatures cause thermal softening which is dominant over strain and strain rate hardening, 
leading to the initiation of shear localization. Because of their low strain hardening rate and poor 
thermal conductivity, titanium alloys are recognized to be very susceptible to adiabatic shear bands 
[184, 185]. Most studies on the adiabatic shear bands in titanium alloys focus on Ti-6Al-4V and 
commercially pure titanium and few have focused on β-Ti alloys. As adiabatic shear bands can lead 
to catastrophic failures, the criterion for their occurrence is of interest such that it can be avoided. 
In this work, the stress-strain behaviour of the Ti6554 alloy was investigated under high strain rates 
ranging from 1000s
-1
 to 10000s
-1 
and temperatures ranging from 293K to 1173K. The 
microstructural evolution of the Ti6554 alloy during high strain rate deformations was observed and 
the correlation between the microstructure evolution and stress-strain behaviour was analysed. 
 
2. Experimental 
Hot rolled cylindrical rods of the Ti6554 alloy were solution treated at 1100 K for 1 h in a 
protective Argon atmosphere and then air cooled. Aging treatments were conducted on the solution 
treated Ti6554 rods at 833 K for 8 h under ambient atmospheres and then air cooled. The chemical 
composition of the Ti6554 alloy is shown in Table 1. Individual cylindrical specimens were cut 
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from rods using electrical discharge machining. The general dimensions of cylindrical specimens 
were ɸ5 mm × 4mm. For testing at a strain rate of 104 s-1, smaller dimensions of ɸ2×1.5 mm were 
required due to equipment limitations. As the aspect ratio is almost the same, the effect of specimen 
geometry does not affect the experimental results. 
The high strain rate tests were achieved using a Split Hopkinson Pressure Bar (SHPB) arrangement 
at strain rates ranging from 1000s
-1
 to 10000s
-1
 and temperatures ranging from 293K to 1173K. 
SHPB tests have been extensively used to test the dynamic behaviour of materials at high strain 
rates ranging from 10
2 
to 10
4
s
-1
. The apparatus consists of a striker bar, an input (or incident) bar 
and an output (or transmitted) bar as shown in Fig.1. The specimen is sandwiched between the input 
and output bar. Once the striker bar impacts the input bar, a pulse referred to as the incident pulse 
will be created going through the input bar into the specimen. When the pulse reaches the interface 
between the input bar and the specimen, part of the pulse (reflected pulse) will be reflected back to 
the input bar while the rest (transmitted pulse) will be transmitted to the output bar through the 
specimen. These pulses are recorded by strain gages mounted on the bars. The flow stress σ, strain ε 
and strain rate ε ̇are then calculated using the following equations 
σ = E
Ab
As
εt                                                                                                                                           (1) 
ε̇ = −2
C0
L
εR                                                                                                                                        (2) 
ε = −2
C0
L
∫ εR dt                                                                                                                                 (3) 
εR and εt represent the reflected pulse and transmitted pulse, respectively. Ab is the cross-sectional 
area of the bars, As is the cross-sectional area of the specimen and L is the gauge length of the 
specimen. C0 is the elastic wave speed in the bars which can be calculated by the equation √E 𝜌⁄   
where E and ρ correspond to Young’s modulus and the density of the specimen, respectively.  
For the experiments at elevated temperatures, the specimens were heated by an in-situ induction 
coil and the temperature was regulated by a thermocouple not in contact with the specimen. After 
heating, the specimen was maintained at the designated temperature for approximately 2 minutes to 
ensure a uniform temperature distribution. Then the incident and transmitted bars were assembled 
by a pushing support. The striker bar was launched with the assembly of incident and transmitted 
bars synchronously to avoid temperature drops in the specimen. The assembly must be completed 
before the stress wave arrives at the incident bar. The contact time should also be controlled to 
within 500 ms as the contact between the bars and the specimen will lead to a temperature drop in 
 Hongyi Zhan 
 
57 The University of Queensland 
the specimen. In order to decrease the friction between the contact surfaces of the bars and 
specimen, molybdenum sulphide was used as a lubricant. Quasi-static compressive tests were done 
using an Instron hydraulic testing machine. 
Specimens for microstructural observation and X-ray diffraction were wet ground using silicon 
carbide papers, mechanically polished and ultrasonically cleaned. Specimens for Scanning Electron 
Microscopy (SEM) were etched using Kroll’s Reagent (2% hydrofluoric acid, 6% nitric acid and 92% 
distilled water). SEM was performed on a XL30 instrument. XRD was conducted on a D8 Advance 
X-ray diffractometer equipped with a graphite monochromators and a Ni-filtered Cu Kα source. 
Hardness testing was conducted on polished specimens using a Struers Vickers microhardness 
testing machine. 
 
3. Results  
3.1 Dynamic stress-strain response 
The true stress-strain curves of Ti6554 at different strain rates and temperatures are shown in Fig.2. 
The intense oscillations in the curves at high strain rates are due to the technical limitations of the 
Split Hopkinson Bar Tests [77]. None of the deformations resulted in fracture hence the ends of the 
curves represent unloading rather than fracture. The strain hardening rate is pronounced in the 
stress-strain curve performed under quasi-static conditions as shown in Fig.2a. However, the flow 
stress at strain rates higher than 1000s
-1
 is mildly sensitive to strain. At 293K, stress-strain curves at 
high strain rates show a negative slope. When the temperature is raised, the slope becomes positive 
as shown in Fig.2b, c, d. The strain hardening rate increases with increasing temperature for strain 
rates higher than 1000 s
-1
. Hokka et al. observed similar strain hardening behaviour in another 
metastable beta titanium alloy, Ti-15V-Sn-3Al-3Cr [134]. However, when the temperature is raised 
to 1173K,  the stress-strain curve at 4000s
-1
 shows an almost zero slope for small strains and a 
negative slope for strains larger than 0.15. The flow stress of the Ti6554 alloy increases with 
increasing strain rate and decreasing temperature as shown in Fig.3. It is observed that the effect of 
temperature on the flow stress is more obvious than that of strain rate for the Ti6554 alloy. In 
addition, it is observed that the relationship between flow stress and logarithmic strain rate is not 
linear and flow stress tends to increase to a greater degree beyond a strain rate of 10
3 
s
-1
 as shown in 
Fig.3a. 
The dependence of the strain rate hardening and thermal softening effects on the strain rate and 
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temperature are always quantified by strain rate sensitivity, β, and temperature sensitivity, na. The 
equations to calculate these are listed below: 
β = (σ2 − σ1) ln(ε̇2 ε̇1⁄ )⁄                                                                                                                    (4) 
na = |ln (
σ2
σ1
) /ln (
T2
T1
)|                                                                                                                         (5)     
In equation (4), stresses σ1 and σ2 are obtained from tests conducted at average strain rates of 𝜀1̇ 
and  𝜀2̇ respectively. In equation (5), stresses σ1 and σ2 are obtained from tests conducted at 
temperatures of T1  and  T2  , respectively. For Ti6554, the strain rate sensitivity decreases with 
increasing temperature as shown in Fig.4a, which is also observed for most other metals [85, 118, 
120-122]. The temperature sensitivity of Ti6554 increases with increasing temperature. An 
important observation is that when the temperature is raised to 1173K, the temperature sensitivity 
experiences a significant increment. Strain also has effects on the strain rate and temperature 
sensitivity for the Ti6554 alloy. According to Fig.4, the strain rate sensitivity increases slightly with 
increasing strain while the temperature sensitivity decreases with increasing strain. 
3.2 Microstructural Observation 
The undeformed specimens of the Ti6554 alloy are solution treated and aged.  According to the 
XRD analysis shown in Fig.5a, the spectra can be indexed to α and β phases. An image of the 
microstructure of the undeformed specimen is shown in Fig.5b. It shows the β phase matrix and 
intragranular clustered α phases. The black areas represent α phase precipitates, which cluster inside 
the matrix and nucleate along the grain boundaries. The SEM image of the clustered α precipitates 
inside β grains is shown in Fig.5c. They are mainly composed of a mesh of fine Widmanstӓtten 
plates. Similar morphologies of α precipitates have been observed in the Ti-5Al-5Mo-5V-3Cr 
(Ti5553) alloy aged at 673K or higher temperatures [233].  
Optical images of samples deformed at the strain rate of 4000s
-1
 by SHPB are shown in Fig.6. 
Microhardness testing was performed on these samples and results are shown in Fig.6h. It is found 
that the samples deformed at temperatures from 293K to 873K all exhibit typical aged 
microstructure for the Ti6554 alloy. Though the volume fraction of clustered α precipitates in the β 
matrix varies with experimental temperatures, the hardness of these samples is maintained around 
345 HV as shown in Fig.6h. When the temperature is raised above 1000K, α precipitates begin to 
dissolve into the matrix and the hardness begins to drop. When deformed at 1173 K, which is higher 
than the β transus of the Ti6554 alloy, it can be seen in Fig.6f and g that all the α phase has 
dissolved into the β matrix. Also, full recrystallization occurs in the sample deformed at a strain rate 
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of 4000s
-1 
and the temperature of 1173K as shown in Fig.6f. Partially recrystallized grains can be 
observed in the sample deformed at the strain rate of 1000s
-1
 and 1173K in Fig.6g because of 
comparatively smaller maximum strain.  
The dominant morphology of intragranular α precipitate in the specimens deformed at temperatures 
of 293K and 573K is almost the same as shown in Fig.5c. An important microstructure observation 
is that a string-like morphology stretching across some grains appeared in the samples deformed at 
strain rates of 4000 and 10000s
-1
 when the temperature is raised to 873K as shown in Fig.7a and b. 
These morphologies are confined to individual β grains and the space between them is reduced with 
increasing strain rate. The string-like morphologies are 30-100μm in length (Fig7a, b) and 
developed from aligned globular α precipitates (Fig.7c). The size of the individual α precipitate is 
approximately 300-500 nm. Each precipitate grows along a specific orientation until they pin each 
other to form a continuous morphology as shown in Fig.7d. Within some β grains two distinct 
orientations of the aligned α precipitates have been observed as shown in Fig.7c. The angle between 
different orientations is always approximately 60˚. As the aligned α precipitate morphology is 
absent at 1000s
-1 
under the same temperature as shown in Fig.7e, this indicates that strain rate may 
play an important role in its formation. The hardness of the area containing aligned α precipitate 
morphologies is approximate 50 HV harder than that of the area without them in the sample 
deformed at 873K and 4000 s
-1
 as shown in Fig.7f. 
Adiabatic shear bands were only observed in the samples in which the aligned α precipitate 
morphologies have been observed as shown in Fig8. When viewed along the transverse section of 
the cylinder specimens, more than one adiabatic shear bands formed in a circular shape around the 
edge of the specimens. It is concluded that shear bands will form two coaxial and symmetrical 
hemispherical-shaped shells inside the cylindrical specimens during the high strain rate testing in 
the study of Odeshi et al. on a dual-phase steel [196]. In general, the flow stress will drop from the 
maximum value with the formation of adiabatic shear bands [15, 142, 200, 234]. However, no such 
flow softening is observed in the stress-strain curves of specimens in which shear bands are 
observed. This indicates that the initiation of ASBs will not lead to the drop of flow stress from the 
peak value in the Ti6554 alloy. SEM images in Fig.9 show the adiabatic shear bands in the Ti6554 
alloy. With increasing strain rate, the width of the shear bands decreases. Microhardness testing has 
been done on the samples deformed at 873K and 4000s
-1
. The area of indent inside the band is 
smaller than that outside as shown in Fig.9a, indicating that the microstructure inside the band is 
harder. A comparison of hardness of areas inside and outside ASB is shown in Fig.9c. The 
hardening effect within ASBs is related to the grain refinement and phase transformations that may 
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occur inside the shear bands [193]. 
 
4. Discussion 
Considering the high stability of the β phase in the Ti6554 alloy and the absence of twinning and 
martensite through microstructural observation, it can be confirmed that the dominant deformation 
mode of the Ti6554 alloy during high strain rate deformations is dislocations slip. According to 
dislocation dynamics [105], the flow stress of materials consists of a thermal part and an athermal 
part. The thermal part is controlled by shot-range barriers such as the intersection of dislocations 
and the Peierls stress which is sensitive to temperature and strain rate. A higher strain rate can 
accelerate the multiplicity of dislocations, leading to the formation of dislocation tangles [53-55] 
which will retard the movement of dislocations. In addition, a higher temperature will supply 
dislocations with sufficient thermal energy to help them overcome dislocation tangles [33, 41]. 
Therefore, the flow stress increases with increasing strain rate while decreases with increasing 
temperature. The athermal part of the flow stress is controlled by long-range barriers such as grain 
boundaries and secondary precipitates which are regarded as independent of temperature and strain 
rate during high strain rate deformations. Therefore, the dissolution of α phase in the specimens 
deformed at temperatures higher than 1023K leads to a drop in hardness as shown in Fig.6h, which 
can explain the significant increment in temperature sensitivity for Ti6554 at 1173K shown in 
Fig.4b. The large increment of flow stress beyond a strain rate of 10
3
 s
-1
 in Fig.3a has been 
interpreted as a transition from a thermally activated controlled mechanism to a dislocation drag 
controlled mechanism at  higher strain rates according to the three different mechanisms governing 
plastic flow proposed by Meyer et al. [17].
 
However, Fallansbee and Kocks [126] suggest that the 
improved strength can be attributed to enhanced rates of dislocation multiplication, instead of a 
change in the deformation mechanism. This alternate view was supported by studies of Lee et al. 
[127] and Zerilli et al. [128] in studies on 304L stainless steel and OFHC copper, respectively.  
4.1 Strain hardening behaviour 
The strain hardening rate is dependent on the competition between strain and strain rate hardening 
and thermal softening effects. Under quasi-static conditions, the heat generated by deformation can 
dissipate quickly thus the thermal softening effects can be neglected. This explains why the strain 
hardening rate in the stress-strain curve performed under quasi-static conditions is pronounced in 
Fig.2a, while under high strain rate conditions the heat generated by deformation cannot dissipate 
due to the short deformation duration. Hence thermal softening effects play an important role in 
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high strain rate deformations of the Ti6554 alloy, leading to an insensitivity of flow stress to strains.  
The negative slope of curves performed at strain rates higher than 1000 s
-1
 and at a temperature of 
293K in Fig. 2a is typically interpreted as flow softening. Flow softening is attributed to the 
initiation of adiabatic shear bands [15, 142, 200, 234], break-up of high aspect ratio lath-like 
precipitates [235] or adiabatic heating. As the former two microstructural features are absent in the 
specimens deformed at 293K, it is supposed that thermal softening effects caused by adiabatic 
heating are responsible for the flow softening behaviour of the Ti6554 alloy deformed at high strain 
rates at a temperature of 293K. The adiabatic temperature elevation in these specimens during high 
strain rate deformations has been calculated using the formula:   
∆T =
η
ρc
∫ σ(εi, ε̇i, Ti)
εi+1
εi
dε                                                                                                                (6)                                                                                                                          
in which ρ and c are the density and specific heat of the material, respectively. The integral is the 
plastic work i.e. the area under the stress-strain curve. η is the heat fraction coefficient which is 
always defined as 0.9. The result is shown in Fig.10. It is found that the adiabatic heating leads to a 
significant increment of the sample temperature during high strain rate deformation. Therefore, the 
flow softening phenomenon in the Ti6554 alloy at 293K during high strain rate deformations is 
likely caused by thermal softening effects which outweigh the effects of the strain rate and strain 
hardening.  
The strain hardening rate for tests performed at temperatures higher than 293K increases compared 
to those performed at 293K especially at a strain rate of 1000 s
-1
, as shown in Fig.2. According to 
dislocation dynamics, the microstructure only has influence on the athermal part of the flow stress 
(initial yield stress) [132] and has almost no influence on the thermally activated part. It is reasoned 
that gross microstructural features do not affect dislocation-dislocation interactions [132]. Therefore, 
there is no obvious relationship between the strain hardening rate and the microstructure during 
high strain rate deformations of the Ti6554 alloy. An alternative explanation for this abnormal 
increment in the strain hardening rate with increasing temperature are dynamic strain aging (DSA) 
effects caused by the activation of solute Cr atoms in the β phase. The small atomic radius and high 
diffusivity of Cr compared with the other alloying elements make it possible for the mobile Cr 
atoms to pin dislocations. The interaction between solute atoms and dislocations reduces the mobile 
dislocation density, resulting in an increment in the strain hardening rate at higher temperatures. 
The issue of DSA has been analysed in detail in a study on commercially pure titanium by Nemat-
Nasser et al. [130]. As for the negative slope at strains larger than 0.15 for the test performed at 
1173K and 4000 s
-1
, this
 is attributed to the full recrystallization of the β phase. 
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4.2 Novel α precipitate morphologies and strain localization 
To our knowledge, this is the first time that the continuous morphology consisting of globular α 
precipitates has been observed in a metastable β titanium alloy. A similar string-like morphology 
consisting of chevron α precipitates has been observed in the Ti5553 alloy [236], which was 
hypothesized to develop through multiple site nucleation from ω particles. However, it has not been 
explained why these aligned α precipitates shared two or three distinct orientations in the Ti5553 
alloy. In our study, it is supposed that dislocations act as the preferential nucleation sites for the 
formation of the aligned α precipitates. It has been observed that α precipitates nucleate along 
dislocations within slip bands during aging treatments of a cold rolled Ti-15V-3Cr-3Sn-3Al alloy 
[237, 238]. During high strain rate deformations, structural defects like dislocations and vacancies 
will multiply in a much faster manner and the influence of networks of localized dislocations may 
increase. This explains why the aligned α precipitates formed in a short duration for the high strain 
tests conducted at 873K. The development of the aligned α precipitates is accompanied with an 
increment in the hardness of the specimens as shown in Fig.7e. Precipitates with high aspect ratios 
can act as barriers to dislocation movement, resulting in pile-up of dislocations at the α/β interface 
[239].  
Adiabatic shear bands were absent in the sample deformed at 1000s
-1
 and 873K. This indicates that 
shear bands tend to form at higher strain rates. It has been reported that high strain rates and low 
temperatures are beneficial for the formation of shear bands in titanium alloys [118]. However, in 
this study it was observed that the adiabatic shear bands prefer to form at higher temperatures. This 
phenomenon may be attributed to the occurrence of the aligned α precipitate morphologies, which 
may contribute to strain localization. The aligned α precipitate morphology has hardening effects, 
leading to variations in the hardness distribution within specimens. As the areas absent of aligned α 
precipitate morphologies are softer, the deformation is likely to proceed more readily in these areas.  
 
5. Conclusion 
The dynamic response of the β titanium alloy, Ti6554, has been characterized at strain rates ranging 
from 1000 s
-1
 to 10000 s
-1
 and temperature ranging from 293K to 1173K using split Hopkinson 
pressure bar tests. The following conclusions can be drawn from the study. 
1.  The dominant deformation mode for the Ti6554 alloy during high strain rate deformations is 
dislocation slip. The flow stress of the Ti6554 alloy is more sensitive to temperature than strain rate. 
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It increases with increasing strain rate and decreasing temperature.  
2. Flow softening observed in tests performed at 293K is potentially due to thermal softening effects 
caused by adiabatic heating during the high strain rate deformations. The increment of the strain 
hardening rate with increasing temperatures may be attributed to the interaction between thermally 
activated solute Cr atoms and mobile dislocations.  
3. When the temperature is raised to 873K, aligned α precipitate morphologies formed in the 
specimens deformed at the strain rates of 4000 and 10000s
-1
. These precipitates have hardening 
effects on the matrix and are proposed to nucleate on dislocations introduced by the high strain rate 
deformations. 
4.  Adiabatic shear bands tend to form in specimens deformed at higher temperatures (873K), which 
may be attributed to the presence of the aligned α precipitate morphologies. The microstructure 
inside the shear bands is harder than that outside the bands in the Ti6554 alloy.  
 
Acknowledgement 
The authors would like to acknowledge the support of the Queensland Centre for Advanced 
Material Processing and Manufacturing (AMPAM) and the Defence Materials Technology Centre 
(DMTC). The authors also acknowledge the facilities and technical assistance of the Australian 
Microscopy and Microanalysis Research Facility at the Centre for Microscopy and Microanalysis, 
The University of Queensland. The authors also acknowledge BaoTi Group Ltd., Baoji, China for 
the provision of the Ti6554 alloy and China Scholarship Council for the scholarship support.  
 
 
 
 
 
 
 
 Hongyi Zhan 
 
64 The University of Queensland 
Table 1 
Chemical composition table (mass %) 
Materials                           Cr                         Mo                    V                    Al                     O                   
Ti        
 
 
Ti6554                             6.05                      4.95                   5.09                4.20                 0.19                
Bal      
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Fig.1. Schematic showing the arrangement of the SHPB device. 
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Fig.2. True stress-strain curves of the Ti6554 alloy deformed at different temperatures: (a) 293K (b) 
573K (c) 873K (d) 1173K. 
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Fig.3. (a) Flow stress for a strain of 0.10 at different strain rates. (b) Flow stress for a strain rate of 
4000 s
-1
 at different temperatures. 
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Fig.4. (a) Strain rate sensitivity for strain rate of 1000-10000s
-1
at different temperatures (b) 
Temperature sensitivity at a strain rate of 1000s
-1  
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Fig.5. (a) XRD spectra, (b) Optical image and (c) SEM image of solution treated and aged Ti6554 
alloy 
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Fig.6. Optical images of samples deformed at: (a) 4000s
-1
, 293K (b) 4000s
-1
, 573K (c) 4000s
-1
, 
723K (d) 4000s
-1
, 873K (e) 4000s
-1
, 1023K (f) 4000s
-1
, 1173K (g) 1000s
-1
, 1173K, and (h) 
Microhardness of specimens deformed at 4000s
-1
. 
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Fig.7. SEM images of samples deformed at: (a) 873K, 4000 s
-1
 (b) 873K, 10000 s
-1
, (c) and (d) 
higher magnification SEM images of the aligned α precipitate morphologies (e) SEM image of the 
sample deformed at 873K and 1000 s
-1
 (f) Microhardness of microstructure with and without 
aligned α precipitates in the specimen deformed at 4000s-1 and 873K. 
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Fig.8. Optical images of adiabatic shear bands in samples deformed at: (a) 873K, 10000s
-1
 (b) 873K 
4000s
-1
. 
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Fig.9. SEM images of adiabatic shear bands in samples deformed at: (a) 873K, 4000s
-1
 (b) 873K 
10000s
-1
, and (c) Microhardness inside and outside ASB in the specimen deformed at 4000s
-1 
and 
873K. 
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Fig.10. Adiabatic temperature elevation as a function of the true strain. 
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Abstract 
The microstructural evolution and grain refinement within adiabatic shear bands in the Ti6554 alloy 
deformed at high strain rates and elevated temperatures have been characterized using transmission 
electron microscopy. No stress drops were observed in the corresponding stress-strain curve, 
indicating that the initiation of adiabatic shear bands does not lead to the loss of load capacity for 
the Ti6554 alloy. The outer region of the shear bands mainly consist of cell structures bounded by 
dislocation clusters. Equiaxed subgrains in the core area of the shear band can be evolved from the 
subdivision of cell structures or reconstruction and transverse segmentation of dislocation clusters. 
It is proposed that dislocation activity dominates the grain refinement process. The rotational 
recrystallization mechanism may operate as the kinetic requirements for it are fulfilled. The 
coexistence of different substructures across the shear bands implies that the microstructural 
evolution inside the shear bands is not homogeneous and different grain refinement mechanisms 
may operate simultaneously to refine the structure. 
Key Words: 
Adiabatic shear band; Beta titanium alloy; Grain refinement mechanism; TEM 
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1. Introduction 
Adiabatic shear bands (ASB), first observed by Zener and Hollomon [178] in steel in 1944, are an 
important deformation mode that mainly occur under high strain rate deformation conditions. 
During high strain rate deformations, the heat generated by deformation fails to dissipate thus 
elevated temperatures will contribute to thermal softening which outweighs the effects of strain and 
strain rate hardening, leading to the initiation of shear localization. Materials with low ductility may 
crack at the site of shear bands soon after their initiation [179-183]. As the adiabatic shear bands 
lead to catastrophic failure of materials, the criterion for the occurrence of shear bands has aroused 
the interest of researchers in order to alleviate their negative effects on the performance of materials. 
Xu et al. [193] summarized the experimental results of past investigations and concluded that both a 
critical strain and strain rate are required for ASB formation. The results of Lee’s study [118] 
indicate that the tendency toward adiabatic shearing increases with increasing strain rate and 
reducing temperatures. Kim et al. [240] solved coupled non-linear governing equations by which 
they showed that an increase in the initial temperature of the specimens would delay the initiation 
and growth of shear bands. It is found that the nucleation and formation of the shear bands are also 
influenced significantly by the initial microstructure [196, 197, 241]. It was explained that the 
presence of defects like second-phase particles, precipitates or other inhomogeneities in the 
microstructure of metallic materials can increase their susceptibility to strain localization. 
In the past thirty years, a lot of studies have been conducted on the microstructure within ASBs in 
different metallic materials. Early in 1983, Mebar et al. [192] studied adiabatic shearing in four 
types of Ti-6Al-4V alloys with different microstructures and concluded that all the observed shear 
bands had the same microstructure which consisted of fine transformation products with arbitrary 
orientations. Andrade et al. [200] investigated the microstructural evolution of high-strain-rate 
deformed copper by transmission electron microscopy (TEM) and observed that towards the centre 
of the shear bands, the elongated dislocation cells break down and are replaced by fine equiaxed 
grains. In 2000, Meyers et al. [206] proposed a sequence of events that may occur prior to the 
formation of adiabatic shear bands. With increasing strain, randomly distributed dislocations will 
firstly interact with each other to form elongated cells. These cells become elongated subgrains as 
their misorientation increases. Eventually these subgrains break up into equiaxed micrograins to 
form a recrystallized structure. This process has been demonstrated by TEM observations of 
different metallic materials including tantalum [201], Zirconium [242], Ta and Ta-W alloys [243], 
steels [219, 244] and aluminium alloys [245]. The formation mechanism of equiaxed micrograins in 
the centre of ASBs has attracted significant attention from researchers. Currently, the rotational 
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dynamic recrystallization (RDR) mechanism postulated by Meyer et al. [199] is widely used to 
explain the formation mechanism of micrograins as the static recrystallization and migrational 
dynamic recrystallization mechanisms have been numerically shown to be too slow in terms of 
kinetics [90, 246]. However, the exact role that temperature and mechanical assistance play in the 
formation of micrograins is still unclear due to limited information of the exact temperature and 
strain history within the ASBs.  
Because of their low strain hardening rates and poor thermal conductivity, titanium alloys are very 
susceptible to adiabatic shear bands [184, 185]. Most studies of adiabatic shear bands in titanium 
alloys focus on Ti-6Al-4V [186-189] and commercially pure titanium [190, 191] but few focus on 
β-Ti alloys. Yang et al. [142] conducted an experiment on the microstructural evolution in the shear 
band of a near beta titanium alloy under high strain rate deformations. In general, adiabatic shear 
bands in titanium alloys are tens of microns wide. Elongated cell structures (0.2-0.5μm wide) with 
thick dislocation walls are located near the boundaries and micrograins (0.05-0.2μm wide) with low 
dislocation density towards the centre. The Ti-6Cr-5Mo-5V-4Al (Ti6554) alloy is a newly-
developed metastable β alloy with an ultimate tensile strength (UTS) of around 1250MPa and 
fracture toughness (KIC) from 80 to 90 MPa m
1/2
 after solution and aging treatments [28, 29]. In 
terms of damage tolerance, the Ti6554 alloy is promising for applications in the aerospace industry. 
The objective of the present work is to perform a systematic characterization of the microstructure 
within the ASBs in the Ti6554 alloy deformed at high strain rates and elevated temperatures. The 
temperature history and grain refinement mechanisms are also evaluated with regard to the 
microstructural observations. 
 
2. Experimental procedure 
The Ti–6Cr–5Mo–5V–4Al alloy was cast by multiple vacuum arc melting. Ingots of 620 mm 
diameter were forged to 60% strain at around 1323 K, and then forged with further 70% 
deformation at around 833K, reducing the diameter to 110 mm.  The chemical composition of the 
alloy is listed in Table 1. Hot rolled cylindrical rods of the Ti6554 alloy were solution treated at 
1100 K for 1 h in a protective Argon atmosphere and then air cooled. Aging treatments were 
conducted on the solution treated Ti6554 rods at 833 K for 8 h under an ambient atmosphere and 
then air cooled. The solution treated and aged microstructure of the Ti6554 alloy, consisting of β 
phase matrix with α phase precipitates interspersed, is shown in Fig.1. The average grain size is 
around 150 μm.   
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Cylindrical specimens for the high strain rate tests were 5 mm in diameter and 4 mm in height. 
They were cut from rods using electrical discharge machining with a slow cutting speed to 
minimise heat effects on the samples. The mechanical behaviour of the Ti6554 alloy at high strain 
rates was tested using a Split Hopkinson Pressure Bar (SHPB) arrangement [80] at the strain rate of 
4000 s
-1
 and temperatures ranging from 293K to 1173K. For the experiments at elevated 
temperatures, the specimens were heated by an in-situ induction coil and the temperature was 
regulated by a thermocouple not in contact with the specimen. After reaching the designated 
temperature, the specimen was maintained at the designated temperature for approximately 2 
minutes to ensure a uniform temperature distribution. In order to decrease the friction between the 
contact surfaces of the bars and specimen, molybdenum sulphide was used as a lubricant. 
Specimens for microstructural observation were all first wet ground using silicon carbide papers, 
mechanically polished and ultrasonically cleaned. Specimens for optical microscopy (OM) and 
scanning electron microscopy (SEM) were etched using Kroll’s reagent (2% hydrofluoric acid, 6% 
nitric acid and 92% distilled water). Scanning electron microscopy observation was performed on a 
XL30 and JEOL 6610 instruments. Hardness testing was conducted on polished specimens using a 
Struers Vickers microhardness testing machine. For transmission electron microscopy sample 
preparation, in order to target the location of adiabatic shear bands a particular method similar to 
that described in the literature [242, 247] was applied. By optical observation of etched specimens 
as shown in Fig.3 (b), the location of the shear bands were determined (200~400μm away from the 
edge). Then a slice of the specimen was cut perpendicular to the compressive direction followed by 
mechanical thinned to ∼60 μm. Then discs of 3 mm in diameter were punched out near the edge of 
the slice (with shear band in them) and were twinjet polished using Struers A3 electrolyte (50 ml 
perchloric acid, 300 ml butylcellosolve and 500 ml methanol) at an applied voltage of 20V and a 
temperature of 233 K. As the shear band is located off the centre in the discs, the perforation 
produced by twinjet polishing was gradually enlarged by ion milling at low angles in a Gatan 
Precision Ion Polishing System until it intersected the shear bands 
 
3. Results  
3.1 Optical and SEM observation of shear localization 
From optical microscopic images shown in Fig.2 (a)-(d), it is found that the specimens deformed at 
the temperature ranging from 293K to 873K all show very typical aged microstructures. When the 
temperature is raised higher than 1023K, the α precipitates begins to be dissolved into β matrix 
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(Fig.2 (e)) as the β transus for the Ti6554 alloy is around 1000K [248].  Obvious recrystallization 
happened in the specimen deformed at 1173K as shown in Fig.2 (f). The true stress-strain curves of 
Ti6554 deformed at 4000 s
-1
 over a wide range of temperatures from 293K to 1173K are shown in 
Fig.3 (a). The strain hardening behaviour is weak for all these curves. 
It is found that a well-developed adiabatic shear band can only be observed in the specimen 
deformed at 873K as shown in Fig.3 (b) and no rapid reduction in stress can be found in the 
corresponding stress-strain curve in Fig.3 (a). When viewed along the transverse section of the 
specimen, the shear bands are circular in shape. This shape of the ASB is in accordance with the 
report that shear bands typically form two coaxial and symmetrical hemispherical-shaped shells 
inside cylindrical specimens during the high strain rate tests [196]. It is also reported that the 
diameter of the circular shear band on the transverse section will decrease with distance from the 
diametrical surface to the centre of the cylinder. It is worth noting that the ASBs only formed at 
873K in the SHPB tests conducted over a wide range of temperatures under high strain rates 
conditions. It is unusual that the ASB should form at a high initial temperature. With thermal 
softening effects due to the high initial temperature the deformation should tend to be more 
homogeneous within the specimen, which retards shear localization [240]. The conditions required 
for the occurrence of ASBs should be studied with more controlled experiments taking factors such 
as strain, temperature and microstructure into consideration. The present study will only focus on 
the microstuctural evolution and grain refinement mechanisms which took place within the ASB in 
the Ti6554 alloy.   
SEM images in Fig.4 show the microstructure of the ASB in the Ti6554 alloy. The shear band is 10 
to 25 μm wide with sharp boundaries distinguished from the surrounding matrix. Stretched and 
curved flow lines can be observed within the shear band along with residual grain boundary α phase 
and intragranular α precipitates marked by arrows in Fig.4. The residual grain boundary α phase 
marked in Fig.4 (a) has been broken up and rotated along the shear direction while the intragranular 
α precipitates marked in Fig.4 (b) remain intact. This implies that the shear strain within the shear 
band is not homogeneous. Microhardness testing has been conducted inside and outside of the shear 
band. The area of indent inside the band is smaller than that outside as shown in Fig.4 (a), 
indicating that the microstructure inside the band is harder. A comparison of hardness inside and 
outside the ASB is shown in the inset of Fig.4 (a). The hardening effect within the ASB has always 
been attributed to grain refinement or phase transformations that occur within the shear bands [249]. 
3.2 TEM observation of shear localization 
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The ASB has been observed in the framed area as shown in Fig.5 (a). A sharp boundary marked by 
a dashed line can be observed in Fig.5 (b) dividing the ASB and surrounding matrix. As shown in 
Fig.5 (c), the matrix outside the shear band mainly consists of high-density dislocations tangles. The 
selected area diffraction (SAD) pattern in the inset of Fig.5 (c) exhibits a typical pattern along the [0 
0 1] zone axis of the β phase bcc crystal indicating that the misorientations across these dislocations 
structures are small. Inside the shear band, the microstructure is finer than that outside by several 
orders of magnitude as shown in Fig.5 (d) and (f). The SAD patterns in the insets of Fig.5 (d) and (f) 
both show diffusive arcing spots which indicate the presence of a large amount of randomly 
misorientated subgrains. A less deformed area interspersed in the severely deformed area has been 
shown in Fig.5 (e). From a comparison of the SAD patterns in the insets of Fig.5 (c) and Fig.5 (e), it 
is found that although the less deformed area maintains a coarse grain structure it has been rotated 
tens of degrees by the shear strain. A lath-like morphology has been marked by an arrow in Fig.5 (b) 
within the ASB, the details of which are presented in Fig.6. This lath morphology, about 500 nm 
wide and several microns long, is surrounded by dense dislocations as shown in Fig.6 (a). Similar 
morphologies have been observed in the severely shear localized area in cold-rolled titanium [250] 
and a surface mechanical attrition treated Mg alloy [210], which were attributed to twinning. 
However, the SAD patterns in Fig.6 (b) and (c) both show typical patterns of a hcp crystal observed 
along different zone axis indicating that the lath morphology is α phase precipitate. The zone axis of 
the SAD pattern in Fig.6 (b) is the [12̅13̅]  while the zone axis of the SAD pattern in Fig.6 (c) has 
rotated to be very close to [12̅16̅], indicating that this lath-like α phase precipitate has been broken 
up and twisted by the shear strain. According to the dimensions and morphologies observed by 
TEM, it is reasonable to presume that this broken and twisted lath structure is grain boundary α 
phase which was observed in Fig.4 (a).  
The neighbouring area of the residual grain boundary α phase maintained a comparatively less 
deformed crystal structure than the area far from the grain boundary α phase as shown in Fig.7. The 
shear direction can be inferred by the elongation direction of the dislocation structures in Fig.7 (a). 
The SAD pattern of Fig.7 (a) exhibits clustering which implies some degree of texture in this area. 
Also some satellite spots are observed indicating minor changes of orientation of small segments. 
The size of the grains decreases to 50-300 nm gradually over several microns away from the 
residual grain boundary and the shear direction cannot be discerned in this area as shown in Fig.7 
(c). The SAD pattern of Fig.7 (c) exhibits an approximate ring pattern indicating the existence of 
randomly orientated fine subgrains. This pattern has been indexed to the α and β phases. The 
diffraction ring of the α (100) reflection is too weak and also too close to that of the β (110) 
reflection to form clear dark field images of the nanocrystalline α phase even using the smallest 
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objective lens. These nanocrystalline α phase may be formed by the breakdown and 
recrystallization of the original α precipitates or the transformation of the unstable β phase caused 
by the adiabatic temperature elevation.  
3.3 TEM investigation of the grain refinement process  
The microstructures within the ASB observed in other metallic materials always follow a gradient 
of structural refinement across the ASB as aforementioned in the introduction [219, 244, 251].  The 
grain refinement process can then be inferred by the morphology and misorientations of 
microstructures in different locations within the ASB. Bundles of lamellar/lath structures are 
observed to be characteristic of the outer region of the shear band, especially in metallic materials 
with intermediate or lower stacking fault energies (SFE) [210, 251, 252]. In our experiments, 
similar lamellar/lath structures of 100-200 nm width are also observed in the outer region of the 
ASB as shown in Fig.8 though the volume fraction of these is quite low. The boundaries of the 
lamella in Fig.8 (a) are curved and blurred in association with the high density of dislocations. The 
trace of the shear direction can be discerned by the elongation direction of these lamella. Also some 
transverse dislocation walls have been marked by arrows as shown in Fig.8 (a) and it is supposed 
that these lamella will break down along these transverse dislocation walls with further straining. A 
more typical microstructure observed in the outer regions of the ASBs is the cell structure enclosed 
by high-density dislocation clusters marked by the black arrow as shown in Fig.9. The density of 
dislocations within the interior of the cell structure is quite low and the size of cell structures is 
around 300-800 nm. A straight subboundary has been marked by the white arrow in Fig.9. The 
subboundary typically formed through the annihilation and rearrangement of dislocations tangles in 
order to minimize the total system energy.  
A typical microstructure observed in the intermediate region of the ASB reveals blocks in 
association with equiaxed subgrains as shown in Fig.10. The size of the blocks is around 300-500 
nm and the size of the equiaxed subgrains is 100-300 nm. The corresponding SAD pattern in the 
inset of Fig.10 indicates that these blocks and equiaxed subgrains are separated by high-angle 
boundaries with random orientations. It is speculated that the “clean” blocks evolve from the 
subdivision of the cell structures shown in Fig.9. Some elongated subgrains are also observed 
surrounding the blocks in this area as shown in Fig.11. The width of these elongated subgrains is 
100-300 nm which is in accordance with the size of the equiaxed subgrains. Thus the equiaxed 
subgrains surrounding the blocks in Fig.10 may be formed through breakdown and refinement of 
these elongated subgrains. The possible routes for the breakdown of these elongated subgrains have 
been delineated by dashed lines in Fig.11 (a) and (b). According to Fig.11 (c), it is observed that the 
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lateral boundaries of these elongated subgrains always show medium to high misorientation angles 
as marked by the white arrow while the transvers dislocation walls along the shorter axis are at low 
misorientation angles as marked by the black arrow. The transverse dislocation walls can form by 
the accumulation and rearrangement of dislocations via dynamic recovery and act as the route for 
the breakdown of the elongated subgrains. These elongated subgrains may evolve from the 
dislocation clusters surrounding the cell structures shown in Fig.9. 
In the core region of the ASB, a mixture of elliptical nanograins with sharp boundaries and 
equiaxed subgrains is present as shown in Fig.12. The size of the equiaxed subgrains is 100-300 nm 
and the size of the nanograins is 50-100 nm. Traces of the shear direction have been completely 
eliminated in this area. The equiaxed subgrains may evolve in two ways: (1) the breakdown of 
elongated subgrains as shown in Fig.11 and (2) the subdivision of blocks shown in Fig.10 by further 
straining. The “clean” nanograins shown in Fig.12 (c) eliminate the defects introduced by the severe 
plastic deformation and exhibit the characteristics of dynamic recrystallization (DRX). Some 
refined subgrains have also been observed in the core region as shown in Fig.13. The size of the 
cluster of these refined subgrains marked by arrows in Fig.13 (a) is around 200 nm which is almost 
the same as the equiaxed subgrains nearby. Thus it is speculated that these refined subgrains might 
be formed by the further subdivision of the equiaxed subgrains. The possible routes of this further 
subdivision of equiaxed subgrains can be inferred by the dashed lines indicated in Fig.13 (a). Also 
the size of refined subgrains marked is 50-100 nm which is in accordance with the size of DRX 
nanograins shown in Fig. 12 (c). It is reasonable to believe that the DRX nanograins shown in 
Fig.12 (c) were evolved from these refined subgrains. The volume fraction of the DRX nanograins 
in the core region is quite low indicating that recrystallization did not play a dominant role in the 
grain refinement process within the ASB.  
 
4. Discussion 
It is always reported that the flow softening would happen with the formation of adiabatic shear 
bands [185, 186, 250, 253] in the high strain rate deformation. However, the curve shown in Fig.3 
(a) maintains a plateau trend after yielding until the unloading. Similar results have been found in a 
series of interrupted SHPB tests on Ti-6Al-4V [254] and 316L stainless steel [255]. It was 
suggested that it is the coalescence of cracks, instead of the formation of ASBs, which leads to the 
steep drop of stress and the loss of load capacity of these materials. An alternative explanation for 
the absence of the drop of peak stress is that the ASB observed in our specimen is only in the early 
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stages of formation considering the existence of residual grain boundary α phase within the ASB.  
4.1 Temperature estimation within the ASB 
It is usually impossible to detect and record the temperature rise directly during the SHPB tests due 
to the equipment limitation. Up to now, equation (1) has been extensively used to estimate the 
temperature change during high strain rate deformation [15, 80, 85, 132, 142]:  
∆𝑇 =
𝜂
𝜌𝑐
∫ 𝜎(𝜀𝑖, 𝜀?̇?, 𝑇𝑖)
𝜀𝑖+1
𝜀𝑖
𝑑𝜀                                                                                                               (1)                                                                                                                          
in which ρ and c are the density and specific heat of the material, respectively. The integral is the 
plastic work i.e. the area under the stress-strain curve. η is the heat fraction coefficient. For the 
Ti6554 alloy, ρ=4670 kg/m3, c=550 J kg/K. The integral can be calculated by introducing the 
constitutive relation (modified Zerilli-Armstrong model [157]) shown in equation (2) into equation 
(1). 
σ = (C1 + C2ε
n)exp {−(C3 + C4ε)T
∗ + (C5 + C6T
∗)lnε̇∗}                                                               (2)                                                    
Where C1, C2, C3, C4, C5,C6  and n are seven parameters of the model. Their values for the Ti6554 
alloy have been determined to be 1397.5 MPa, -569.47 MPa, 0.0012 K
-1
, -0.00222 K
-1
, 0.03136 K
-1
, 
-3.21×10
-5 
 K
-1
 and 1.215 [26].  The prevalent perspective is to define η as 0.9 [15, 80, 85, 132, 142] 
when the strain rate is higher than 1000 s
-1
. The temperature versus strain curve of the cylinder 
specimen deformed at 4000 s
-1
 and 873K has been plotted in Fig.14 (a). The highest temperature 
that can be reached in this specimen is 967 K assuming that the deformation is homogenous within 
the specimen. However, the strain within the ASB can be much higher than the average true strain 
shown in the stress-strain curve (Fig.3 (b)). Xue et al. [255] measured the shear strain during forced 
shear tests on 316L stainless steel by using curved inclusions as fiducial lines. It is found that the 
maximum shear strain within the ASB can be as high as 6.9. Therefore, it is reasonable to believe 
that the highest temperature within the ASB in our experiment was higher than 967K. The 
deformation time can be obtained by examining the transmitted wave pulse recorded by the strain 
gage mounted on the output bar [90]. The deformation of specimen began from the first peak valve 
of the pulse to the last one. It is found that the duration for the whole deformation process is 50μs as 
shown in Fig.14 (b). 
4.2 Grain refinement mechanisms  
As the volume fraction of DRX nanograins observed within the ASB is quite low, dynamic 
recovery which controls the formation of subgrains is speculated to play a dominant role in the 
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grain refinement process for the Ti6554 alloy. For β titanium alloys with high SFE, dislocation 
activity is very important for the grain refinement as twinning is difficult. According to our TEM 
investigation on the microstructure within the ASB, the detailed process can be described below. 
Before the initiation of the ASB, coarse grains are subdivided into fragments by dense dislocation 
structures. In order to minimize the total system energy, more dislocations will rearrange and 
annihilate with each other to form subboundaires as the deformation proceeds. It is reported that 
lamellar structures (Fig.8) form from dislocations walls with preferred orientations while cell 
structures (Fig.9) form from dislocation tangles without preferred sliding orientation [256]. The 
volume ratio of lamellar structures observed within the ASB is quite low indicating that the 
dislocations tend to entangle each other instead of sliding along the same orientation to form 
dislocations walls in the Ti6554 alloy. For cell structures, a large amount of dislocations may 
cluster at their lateral dislocation walls. The elongated subgrains (Fig.11) may result from the 
reconstruction of the thick dislocation clusters, which has been reported in the development of 
ASBs in 316L stainless steel [257]. Meanwhile, subboudaries can form inside the cell structure 
dividing it into several blocks with size of 300-500nm with increasing strains (Fig.10). The 
increment of misorientations between different blocks can be realized by accumulations and 
annihilations of more dislocations at the subboundaries. Also transverse dislocation walls will form 
along the short axis of the elongated subgrains as shown in Fig.11(c). The equiaxed subgrains with 
grain size of 100-300 nm (Fig.12) can be obtained by transverse segmentation of elongated 
subgrains or subdivision of blocks. Equiaxed subgrains can be further subdivided into finer 
subgrains with size of 50-100 nm following a similar mechanism as shown in Fig.13.  
Low-angle subboundaries of subgrains can transfer to large-angle grain boundaries through 
diffusive rotation, which is driven by the reduction of interfacial energy. This process is termed 
rotational dynamic recrystallization (RDRX) [142, 213, 219, 242].  The kinetic calculation of 
Meyers et al. [206] excludes the probability of migrational dynamic recrystallization in adiabatic 
shear bands and strongly supports the rotational dynamic recrystallization mechanism [199]. The 
process of RDRX can be described using the following equation: 
𝑡 =
𝑇𝐿1𝑘𝑓(𝜃)
4𝛿𝜂𝐷𝑏0exp (−𝑄𝑏 𝑅𝑇⁄ )
                                                                                                                          (3)                                                                                           
where t is the time; T is the temperature, L1 is the average diameter of subboundaries; k is the rate 
constant; δ is the grain boundary thickness; η is the grain boundary energy; Db0 is the grain 
boundary diffusion coefficient; Qb is the activation energy for grain boundary diffusion which is 
about 0.4-0.6 of that for lattice diffusion; f (θ) can be expressed as:  
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𝑓(𝜃) =
3 tan 𝜃−2 cos 𝜃
3−6 sin 𝜃
+
2
3
−
4√3
9
𝑙𝑛
2+√3
2−√3
+
4√3
9
𝑙𝑛
tan(𝜃 2⁄ )−2−√3
tan(𝜃 2⁄ )−2+√3
                                                           (4)  
In RDRX, it is presumed that subboundaries of broken-down subgrains have to rotate by an angle of 
30 degrees to generate recrystallized grains [206]. The time required for the rotation of boundaries 
with a specific size at a specific temperature can be calculated through the equations (3) and (4). It 
is found that the time for the rotation will decrease with increasing temperature and reducing size of 
subgrains. The parameters required in equation (3) for the Ti6554 alloy are unknown. Therefore, 
parameters used for another type of metastable β titanium alloy, Ti-1300, will be applied into our 
kinetic calculations [142]: k =1.38×10
-23
 J/K; δ = 6.0×10-10 m; η = 1.19 J/m2. Db0 = 1.0×10
-5
 m
2
/s; 
Qb = 132 kJ/mol. In the conservative estimation, the temperature (T) within the ASB during the 
high strain rate deformation lies in the range from 873K to 967K. Also, the size (L1) of most 
subgrains within the ASB is around 100-300 nm according to the TEM observation. Therefore, the 
corresponding curve for the rotation of subgrain boundaries has been plotted using these parameters 
and is shown in Fig.15. It is found that when the temperature is higher than 873K and the size of 
subgrains is smaller than 300 nm, the rotation of subboundaries by an angle of 30 degrees can be 
accomplished within 10 μs. Especially when the size of subgrain is reduced to 100 nm, this rotation 
can be accomplished within 3 μs at 873K as shown in Fig.15 (b). As shown in Fig.14 (b), the 
duration for the high strain rate deformation is found to be 50μs. It is reasonable to believe that the 
duration of shear localization is no less than 10μs. In summary, the occurrence of the RDRX 
mechanism within the ASB is possible in kinetics.  
As different substructures, such as cell structures, blocks, subgrains and recrystallized grains were 
always observed to coexist across the ASB, the microstructural evolution within the ASB in the 
Ti6554 alloy is not homogeneous and several different grain refinement mechanisms, such as 
transverse segmentation, subdivision and RDRX, operate simultaneously during the shear 
localization.      
 
5. Conclusion 
The microstructural evolution within adiabatic shear bands (ASBs) observed in the Ti6554 alloy 
deformed at high strain rates and elevated temperatures has been systematically investigated in our 
study. TEM examinations of the microstructures within the ASB reveal a sequence of events that 
may occur during the grain refinement. The major results can be summarized as below: 
1. The observation of residual grain boundary α phase within the adiabatic shear band indicates 
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that the shear band observed was not fully developed and the initiation of the shear band will 
not induce a steep drop of stress in the Ti6554 alloy. 
2. Microstructures in the outer region mainly consist of cell structures bounded by thick 
dislocation clusters and microstructures in the core region mainly consist of equiaxed 
subgrains and recrystallized nanograins. The transition area consists of the mixture of blocks, 
elongated subgrains and equiaxed subgrains, which indicates that the strain is not uniformly 
distributed inside the ASB. 
3. Dynamic recovery played a dominant role in the grain refinement process. Equiaxed        
subgrains in the core region of the ASB may either evolve from the transverse segmentation 
of elongated subgrains or from subdivision of cell structures.  
4. Trough calculation of the kinetics it was established that the transition from low-angle 
subboundaries to high-angle boundaries can be accomplished by rotational dynamic 
recrystallization (RDRX) mechanism within the deformation time (50μs).          
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Table 1 
Chemical composition (wt. %) of the Ti6554 alloy 
Materials                           Cr                         Mo                    V                    Al                     O                   
Ti        
 
 
Ti6554                             6.05                      4.95                   5.09                4.20                 0.19                
Bal      
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Fig.1. Optical micrograph of the solution and aging treated microstructure of the Ti6554 alloy 
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Fig.2. Optical microscopic images of samples deformed at 4000s
-1
 over a wide range of 
temperatures: (a) 293K (b) 573K (c) 723K (d) 873K (e) 1023K (f) 1173K  
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Fig.3. (a) True stress-strain curves of the Ti6554 alloy deformed at 4000 s
-1
 (b) An optical 
micrograph showing the adiabatic shear band viewed along the transverse section of the cylinder 
specimens deformed at 873K and 4000 s
-1
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Fig.4. SEM micrographs showing the adiabatic shear band delineated by dashed lines in the Ti6554 
alloy (residual grain boundary and intragranular α precipitates have been marked by arrows), the 
inset in (a) shows microhardness inside and outside of the ASB.  
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Fig.5. (a) Microstructure within the adiabatic shear band, (b) A montage of TEM micrographs of 
the shear band (delineated by dashed lines) within the area marked in (a) (The lath morphology is 
marked by an arrow), (c), (d), (e), (f) TEM micrographs with higher magnification showing the 
microstructure within the area marked in (b) (The insets show the corresponding SAD patterns).  
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Fig.6. (a) Montage of TEM bright field images of α precipitate (marked by the arrow in Fig.6 (b)).  
(b) and (c) SAD patterns corresponding to the circled area. (The zone axis for (b) is [12̅13̅], the 
zone axis for (c) is close to [12̅16̅]. ) 
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Fig.7. TEM bright-field micrographs of microstructures near the grain boundary α phase and 
corresponding SAD patterns (The SAD pattern of (c) has been indexed to the α and β phases). 
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Fig.8. (a) Bright-field and (b) Dark-field micrographs of lamellar structures in the outer region of 
the ASB (dashed arrow denotes the shear direction and white arrows denote the transverse 
dislocation walls), (c) SAD pattern corresponding to (a). 
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Fig.9. TEM (a) Bright-field and (b) Dark-field micrographs of cell structures in the outer region of 
the ASB. (A straight subboundary is marked by the white arrow and dislocation clusters marked by 
the black arrow.)  
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Fig.10. TEM bright-field micrograph showing the blocks surrounded by equiaxed subgrains with 
few dislocations in their interior. (Subboundaries of equiaxed subgrains and blocks have been 
delineated by dashed lines. The inset shows the corresponding SAD pattern.) 
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Fig.11. (a), (b) TEM bright-field micrographs of elongated subgrains breaking down into equiaxed 
subgrains (The route for the breakdown has been delineated by dashed lines). (c) High-angle 
boundaries marked by the white arrow and low-angle boundaries along the short axis marked by the 
black arrow. 
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Fig.12. TEM (a) Bright-field and (b) Dark-field micrographs showing the mixture of DRX 
nanograins and equiaxed subgrains (The inset is the corresponding SAD pattern.), (c) TEM bright-
field micrograph corresponding to the dashed area in (a). 
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Fig.13. TEM (a) Bright-field and (b) Dark-field micrographs of the subdivision of blocks (The inset 
shows a corresponding SAD pattern. The subboundaires of equiaxed subgrains and refined 
subgrains have been delineated by dashed lines.)  
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Fig.14. (a) Calculated temperature versus true strain and (b) Transmitted wave pulse versus time, 
from the SHPB tests at strain rate of 4000 s
-1
 and 873K. 
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Fig.15. Angle of rotation of subgrain boundary as a function of time for (a) different temperatures 
for L1 = 100 nm and (b) different subgrain sizes at 873K. 
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Abstract 
The objectives of this work are to characterize the flow behaviour of the Ti-6Cr-5Mo-5V-4Al 
(Ti6554) alloy at high strain rates and elevated temperatures using the Johnson-Cook (JC) model 
and a modified Zerilli-Armstrong (ZA) model, and to make a comparative study on the 
predictability of these two models. The stress-strain data from Split Hopkinson Pressure Bar (SHPB) 
tests over a wide range of temperatures (293-1173K) and strain rates (10
3
-10
4
 s
-1
) were employed to 
fit parameters for the JC and the modified ZA models. It is observed that both the JC and the 
modified ZA models have good capacities of describing the flow behaviour of the Ti6554 alloy at 
high strain rates and elevated temperatures in terms of the average absolute error. The modified ZA 
model is able to capture the strain-hardening behaviour of the Ti6554 alloy better as it incorporates 
the coupling effects of strain and temperature. However, dynamic recovery or dynamic 
recrystallization that may happen at elevated temperatures should be taken into consideration when 
selecting data set for parameters fitting for the modified ZA model. Also the modified ZA model 
requires more stress-strain data for the parameters fitting than the JC model.  
 
Key Words:  
β titanium alloys; High strain rate deformation; Johnson-Cook model; Modified Zerilli-Armstrong 
model 
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1. Introduction 
The usage of the β titanium alloys in the manufacturing of critical load bearing structural parts in 
the aerospace industry has continued to increase in the past decade owing to their excellent 
combination of high specific strength, superior fracture toughness and good corrosion resistance. In 
addition, this category of alloys is deep hardenable through heat treatment processes and has good 
forgeability which are important features for alloys which are used for manufacturing large section 
aerospace structures [2, 9, 225, 226]. For instance, forgings of Ti-10V-2Fe-3Al (Ti-10-2-3) are 
increasingly used in the hub of the main rotor system in helicopters and forgings of Ti-5Al-5Mo-
5V-3Cr (Ti-5553) have been used for manufacturing landing gear in the Boeing-787 and Airbus-
350 [25]. Knowledge of materials behaviour at high strain rates and elevated temperatures is 
necessary for applications such as ballistic impacts in armour applications and materials processing 
such as machining, hot forging, extrusion etc. Understanding and predicting the behaviour of 
materials under these extreme conditions is important for a number of fields in engineering 
including modelling of materials processing and structural behaviour under high strain rate 
deformation conditions using Finite Element Analysis (FEA). In general, the published information 
on the flow behaviour of β titanium alloys at high strain rates and elevated temperatures is limited. 
Therefore, it is important to evaluate and predict the flow behaviour of β titanium alloys over a 
wide range of strain rates and temperatures.  
Materials constitutive models are used to describe the relationship between flow stress and strain, 
strain rate and the temperature of materials. This forms the foundation for FEA modelling of the 
deformation behaviour of materials. Several constitutive models based on different theories have 
been proposed and can be sorted into three different types:  phenomenological, semi-empirical 
based and physically based models, respectively. Two physically based models: the Mechanical 
Threshold Stress (MTS) model [126] and the Bammann-Chiesa-Johnson(BCJ) model [137] are 
based on specific physical theory and are capable of providing good agreement with the 
experimental results. However, parameters for these two models are difficult to obtain as they 
always require some data from strictly controlled experimental conditions. In addition, the accuracy 
of some material property constants used in these physically based models is still in doubt. 
Morevoer, these physically based models are not readily available in finite element code. Compared 
with the physically based models, the Johnson-Cook (JC) model [138], one of the most frequently 
used empirical models, is preferred by investigators because the parameters for the JC model can be 
obtained using fewer stress-strain curves due to its simple mathematical form. Also, the JC model 
can be directly applied to the major commercial finite element packages. In order to improve the 
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accuracy of the JC model, several modifications have been performed including integration of 
adiabatic temperature rises [100] and microstructural changes [88, 146, 147] into the model. The 
main drawback of the JC model lies in its simple mathematical form as it neglects the coupled 
effects of strain rate and temperature on the flow stress. Also, being an empirical model the average 
absolute error will increase with increasing deviation of temperature or strain rate from the 
reference condition defined by the user [139]. Another frequently used constitutive model available 
in finite element code is the Zerilli-Armstrong (ZA) model [101]. Although the ZA model is based 
on dislocation dynamics, the parameters for the model are still determined by fitting the model to 
the stress-strain curves of the materials in a similar way to the JC model. Therefore the ZA model is 
still a form of semi-empirical model. Some researchers prefer the ZA model to the JC model as the 
former not only incorporates the coupled effects of strain rate and temperature but also considers 
dislocation characteristics for particular structures. Even though parameters for the ZA model for 
the Ti6Al4V alloy and different steels [84, 96, 143, 152-156] have been proposed in recent years, 
some materials constants for the ZA model are very difficult to validate as they require a stress at 0 
K and the athermal stress of the materials. Also, it is not valid to use the ZA model for temperatures 
above half of the melting temperature of the materials [155]. In order to overcome these barriers, 
Dipti et al. introduced the reference condition into the ZA model and succeeded in using this 
modified model to predict the mechanical behaviour of a titanium-modified austenitic stainless steel 
[157] and a modified 9Cr-1Mo steel [158] at low strain rates and elevated temperatures. However, 
there is still an uncertainty that if this modified version can be used within the high strain rate 
domain. Therefore further investigations are required to test its applicability.  
So far, investigations into the constitutive models for titanium alloys have mainly focused on the 
Ti6Al4V alloy and several sets of parameters for the JC model have been developed. Very few 
studies have been concluded on the constitutive model for metastable β titanium alloys. Hokka et al. 
[134] has obtained one set of parameters for the JC model applied to the metastable beta titanium 
alloy Ti-15V-3Cr-3Al-3Sn.  
The Ti-6Cr-5Mo-5V-4Al (Ti6554) alloy is a newly-developed metastable β alloy with an ultimate 
tensile strength (UTS) of around 1250MPa and fracture toughness (KIC) from 80 to 90 MPa m
1/2
 
after solution and aging treatments [28, 29]. In terms of damage tolerance, the Ti6554 alloy is 
promising potential for applications in the aerospace industry. The objective of the current study is 
to evaluate and predict the flow behaviour of the Ti6554 alloy over a wide range of strain rates at 
elevated temperatures using the JC and modified ZA constitutive models. 
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2. Experimental procedures 
2.1 Sample Preparation  
The Ti–6Cr–5Mo–5V–4Al alloy was casted by multiple vacuum arc melting. Ingots of 620 mm 
diameter were forged to 60% strain at around 1150°C, and then forged with further 70% 
deformation in the α/β dual phase zone, reducing the diameter to 110 mm.  Cylindrical rods with 10 
mm in diameter and 80 mm in length were hot rolled from the forged ingots. The chemical 
composition of the alloy is listed in Table 1. Hot rolled cylindrical rods of the Ti6554 alloy were 
solution treated at 1100 K for 1 h in a protective Argon atmosphere and then air cooled. Aging 
treatments were conducted on the solution treated Ti6554 rods at 833 K for 8 h under ambient 
atmosphere and then air cooled. Specimens for microstructural observation were wet ground using 
silicon carbide papers, mechanically polished and ultrasonically cleaned. Specimens for Optical 
Microscopy (OM) and Scanning Electron Microscopy (SEM) were etched using Kroll’s Reagent (2% 
hydrofluoric acid, 6% nitric acid and 92% distilled water). SEM was performed on a XL30 
instrument. The original microstructure of the Ti6554 alloy, consisting of β phase matrix with α 
phase precipitates, is shown in Fig.1. Cylindrical specimens with a diameter of 5 mm and length of 
4 mm for high strain rate tests were cut from rods using electrical discharge machining with a slow 
cutting speed to minimise the heat affected zone on the samples. For the tests at a strain rate of 10
4
 
s
-1
, a smaller cylindrical specimen with a diameter of 2 mm and length of 1.5 mm were required due 
to equipment limitations. As the aspect ratio was maintained, the effect of specimen dimension will 
not affect the experimental results. 
2.2 High Strain Rate Testing 
Mechanical behaviour of the Ti6554 alloy at high strain rates was tested using a Split Hopkinson 
Pressure Bar (SHPB) arrangement at strain rates from 1000s
-1
 to 10000s
-1
 and temperatures from 
293K to 1173K. The SHPB device consists of a striker bar, an input (or incident) bar and an output 
(or transmitted) bar as shown in Fig.2. The specimen is sandwiched between the input and output 
bar. Once the striker bar impacts the input bar, a pulse referred to as the incident pulse will be 
created going through the input bar into the specimen. When the pulse reaches the interface between 
the input bar and the specimen, part of the pulse (reflected pulse) will be reflected back to the input 
bar while the rest (transmitted pulse) will be transmitted to the output bar through the specimen. 
These pulses are recorded by strain gages mounted on the bars. The flow stress σ, strain ε and strain 
rate ε ̇are then calculated using the following equations: 
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 σ = E
Ab
As
εt                                                                                                                                          (1) 
 ε̇ = −2
C0
L
εR                                                                                                                                       (2) 
 ε = −2
C0
L
∫ εR dt                                                                                                                                (3) 
εR and εt represent the reflected pulse and transmitted pulse, respectively. Ab is the cross-sectional 
area of the bars, As is the cross-sectional area of the specimen and L is the gauge length of the 
specimen. C0 is the elastic wave speed in the bars which can be calculated by the equation √E 𝜌⁄   
where E and ρ correspond to Young’s modulus and the density of the specimen, respectively.  
For the experiments at elevated temperatures, the specimens were heated by an in-situ induction 
coil and the temperature was regulated by a thermocouple not in contact with the specimen. After 
reaching the designated temperature, the specimen was maintained at the designated temperature for 
approximately 2 minutes to ensure a uniform temperature distribution. The incident and transmitted 
bars were then assembled by a pushing support. The striker bar was launched with the assembly of 
incident and transmitted bars synchronously to avoid temperature drops in the specimen. The 
assembly must be completed before the stress wave arrives at the incident bar. The contact time 
should also be controlled to within 500 ms as the contact between the bars and the specimen will 
lead to a temperature drop in the specimen. In order to decrease the friction between the contact 
surfaces of the bars and specimen, molybdenum sulphide was used as a lubricant. 
 
3. Results and discussion  
3.1 Flow stress behaviour 
Flow curves of the Ti6554 alloy at a range of temperatures (293-1173K) and strain rates (10
3
-10
4
 s
-1
) 
are shown in Fig.3. It could be observed that the flow stress increases with increasing strain rates 
and decreasing temperatures. Furthermore, flow stress of the Ti6554 alloy is more sensitive to 
temperature than strain rate. Flow curves at 293K all exhibit a negative strain hardening rate while 
the strain hardening rate will increase to become positive with increasing temperature, which has 
been attributed to dynamic strain aging (DSA) caused by the activation of solute Cr atoms in our 
previous study [30]. The flow curve from the test at 1173K and 4000 s
-1 
in Fig.3 (b) reveals a small 
peak at a strain of 0.125 followed by a gradual drop of stress towards a plateau, which is the main 
characteristic of dynamic recrystallization (DRX). This is in accordance with the SEM image shown 
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in Fig.4 (a) in which some DRX grains have been observed. As the β transus of the Ti6554 alloy is 
around 1023K, α precipitates have been dissolved into the β matrix in the specimens deformed at 
1173K as shown in Fig4 (a) and (b). Specimens deformed at high strain rates and temperatures 
below 873K all exhibit the similar microstructure as shown in Fig.4 (c) in which α phase 
precipitates cluster inside the β matrix and nucleate along the β grain boundaries. A kind of string-
like α precipitate stretching across some grains has been observed in the samples deformed at strain 
rates of 4000 s
-1
 and 10000 s
-1
 when the experimental temperature is raised to 873K as shown in 
Fig.4 (d). This kind of novel α precipitates morphology has been described in detail in our previous 
study [30]. Though these precipitates of high aspect ratio are supposed to act as barriers to the 
dislocations movement, no obvious strengthening phenomenon has been observed in flow curves in 
Fig.3. Hence this microstructural change can be neglected in the constitutive modelling of the flow 
behaviour of the Ti6654 alloy in order to simplify the establishment of constitutive models.  
3.2 Establishment of materials constitutive models  
3.2.1 Johnson-Cook model 
The basic form of the JC model is defined by the product of three distinctive mathematical terms: 
σ = (A + Bεn) (1 + Cln
ε̇
ε̇0
) [1 − (
T−Tr
Tm−Tr
)
m
]                                                                                     (4)                                                                                                                                                   
in which σ is the equivalent flow stress, ε is the equivalent plastic strain,  ε̇ is the equivalent plastic 
strain rate and ε̇0 is the reference equivalent plastic strain defined by the user (usually defined as 1.0 
s
-1 
or 1×10
-3 
s
-1
). T, Tr and Tm are the workpiece temperature, reference temperature (the minimum 
temperature under the experiment conditions) and materials melting temperature, respectively. 
There are five parameters in this model in which A is the yield stress, B and n are used to describe 
strain hardening effects, C accounts for strain rate hardening and m accounts for thermal softening 
effects. 
The procedures for parameters fitting for the JC model are illustrated below: Taking 293K as the 
reference temperature and 10
-3
 s
-1
 as the reference strain rate, the dynamic behaviour of the Ti6554 
alloy can be represented accurately by the power law equation under the reference condition: 
σ = (A + Bεn)                                                                                                                                     (5)       
The value A is the yield stress under the reference condition (or stress at a strain of 0.002).  Then 
plotting of ln(σ-A) vs. lnε gives B from the y-intercept and n from the slope. However, it was 
observed in our previous study [30] that the flow stress of the Ti6554 alloy tends to increase to a 
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greater degree beyond a strain rate of 10
3  
s
-1
. Therefore a better approach would be to use a higher 
strain rate, 10
3
 s
-1
, as the reference strain rate. Following the steps above, A, B and n are calculated 
out to be 1397.5 MPa, -569.47 MPa and 1.215, respectively. 
At the reference temperature of 293K with a fixed strain of 0.10, the JC model can be simplified to: 
 σ/σ0 =1+Clnε̇                                                                                                                                      (6) 
where σ0 is the stress at ε̇= 1000 s
-1
, T=293K
 and ε=0.10. Using the flow stress at the same 
temperature and strain but different strain rates to plot the curve {(σ/σ0)-1} vs. lnε̇ gives C from the 
slope of the curve. C is calculated to be 0.03052 and the results of fitting are shown in Fig.5 (a).  
At a strain rate of 4000 s
-1
 with a fixed strain of 0.10, the JC model can be written as: 
σ/σb =1-T∗m                                                                                                                                         (7) 
where σb is the stress at ε̇= 4000 s
-1
, T=293K
 and ε=0.10. Using flow stress data at the same strain 
rate and strain but different temperatures to plot a curve of ln(1- σ/σb) vs. lnT∗ gives m from the 
slope of this curve. For high strain rate deformations, it is important to incorporate adiabatic heating 
into the model. One equation has been extensively used to estimate the temperature elevation during 
high strain rate deformation:  
∆T =
η
ρc
∫ σ(εi, ε̇i, Ti)
εi+1
εi
dε                                                                                                                (8)   
in which ρ and c are the density and specific heat capacity of the material, respectively. The integral 
is the plastic work i.e. the area under the stress-strain curve. η is the heat fraction coefficient. The 
prevalent perspective is to define η as 0.9 [80, 85, 132]. Following the procedures above, m is 
calculated out to be 0.91 and the fitting results are shown in Fig.5(b).  
Parameters for the Ti6554 alloy to suit the JC model are listed in Table.2. They were derived from 
the data set shown in Fig.5(a) and Fig.5(b). Another five curves performed under different 
conditions were used to validate the effectiveness of the JC model for the Ti6554 alloy. The 
comparison between the predicted curves and experimental curves is shown in Fig.5(c). The 
average absolute error (∆) is used to assess the fitting results. ∆ is defined as: 
∆=
1
N
∑ |
σexp
i −σp
i
σexp
i |
i=N
N × 100                                                                                                                 (9) 
The average absolute error of the fitting results in Fig.5(c) is 6.0 %.  
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3.2.2 Modified ZA model 
The format of the modified ZA model is modified on the basis of the ZA fcc model [157] : 
σ = (C1 + C2ε
n)exp {−(C3 + C4ε)T
∗ + (C5 + C6T
∗)lnε̇∗}                                                             (10)                                                               
T∗ = T − Tref                                                                                                                                    (11)                                                                                                                   
ε̇∗ = ε̇/ε̇ref                                                                                                                                         (12)              
in which σ is the equivalent flow stress, ε is the equivalent plastic strain. ε̇ is the equivalent plastic 
strain rate and ε̇ref  is the reference equivalent plastic strain defined by user. T and Tref are the 
workpiece temperature and reference temperature, respectively. C1, C2, C3, C4, C5,C6  and n are seven 
parameters of the modified ZA model. The rationale for the modifications to the ZA model were 
described in detail in [157] and [158]. The procedures to determine the parameters for the modified 
ZA model are illustrated below:   
A strain rate of 1000 s
-1
 and temperature of 293K were used as the reference strain rate and 
temperature due to the same reason stated in Section 3.2.1 for the Johnson-Cook model. Under the 
reference condition, the modified ZA model can be simplified to: 
 σ = C1 + C2ε
n                                                                                                                                  (13) 
C1 represents the yield stress under the reference condition with C2 and n accounting for the effects 
of strain hardening on the flow stress. Then plotting the curve ln(σ-C1) vs. lnε gives C2  and n from 
the y-intercept and slope of the curve, respectively.  
Then at the reference strain rate, Eq. (10) can be simplified to: 
 σ = (C1 + C2ε
n) exp[−(C3 + C4ε)T
∗]                                                                                            (14) 
Taking the natural logarithm of Eq.(14), it can be expressed as: 
lnσ = ln(C1 + C2ε
n) − (C3 + C4ε)T
∗                                                                                              (15) 
S1 = C3 + C4ε                                                                                                                                   (16)  
S1 describes thermal softening effect and C4 is used to quantify the influence of strain on the 
thermal softening effect. S1 can be obtained by the slope of the curve lnσ vs. T*. It is found that the 
slope of the curve lnσ vs. T*, S1, becomes smaller as shown in Fig.6 (a) when the data from the 
testing at 1173K is involved in the fitting. Plotting the curve S1 vs. ε gives C3  and C4 from the y-
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intercept and slope of the curve, respectively. By plotting the curve S1 vs. ε  it is found that S1 
decreases much slower with increasing strains (0.05-0.15 in steps of 0.025), as shown in Fig.6 (b), 
when the data from the test at 1173K is included in the parameters fitting. Considering this 
difference, it is necessary to clarify the influence of the data set selected for the parameters fitting 
on the predictability of the modified ZA model.      
By taking the natural logarithm of Eq. (10) at a fixed strain, we can get: 
lnσ = ln(C1 + C2ε
n) − (C3 + C4ε)T
∗ + (C5 + C6T
∗)lnε̇∗                                                              (17)                       
S2 = C5 + C6T
∗                                                                                                                                 (18)                       
S2 quantifies the strain rate hardening effect and it can be obtained from the slope of the curve lnσ 
vs. ε̇∗. Plotting the curve S2 vs. ε gives C5 and C6 from the y-intercept and slope of the curve. 
Two sets of parameters for the modified ZA model for the Ti6554 alloy have been obtained in 
Table 3 and Table 4. Fitting results using parameters in Table 3 and Table 4 are shown in Fig.7 and 
Fig.8, respectively. When the data from tests at 1173K is included in the parameters fitting, the 
agreement between the predicted data and experimental data is poor as shown in Fig.7. When the 
data from tests at 1173K is excluded, a much better agreement was observed as shown in Fig.8. A 
large deviation between the experimental data and calculated data in Fig.8 is only observed at 
strains larger than 0.125 under the condition of 4000/s and 1173K. This can be attributed to the 
dynamic recrystallization observed in Fig.4 (a), which cannot be predicted by the modified ZA 
model. In terms of the fitting results, parameters in Table 4 should be selected to verify the 
effectiveness of the modified ZA model. 
As the parameters in Table 4 were derived from the data set shown in Fig.7 and Fig.8, another three 
stress-strain curves performed under different conditions were employed to validate the reliability 
of the modified ZA model. A good agreement has been achieved between experimental data and 
calculated data as shown in Fig.9. The average absolute error (∆) of the fitting results in Fig.9 is 
5.7%. 
3.3 Discussion  
One of the main characteristics of the strain hardening behaviour of the Ti6554 alloy at high strain 
rates over a wide range of temperatures is that flow curves show a negative slope at 293K but the 
strain hardening rate will increase to become positive with increasing temperature. Both the JC 
model and the modified ZA model are capable of predicting the dynamic flow behaviour of the 
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Ti6554 alloy at high strain rates and elevated temperatures in terms of the average absolute error. 
However, the modified ZA model is able to give a much better description of the strain-hardening 
behaviour of the Ti6554 alloy than the JC model.  
For the JC model, all the predicted curves maintain a negative slope following the curve performed 
under the reference condition as shown in Fig.5. This can be explained by the format of the strain 
hardening rate derived from the JC model: 
dσ/dε = (Bnεn−1) (1 + Cln
ε̇
ε̇0
) [1 − (
T−Tr
Tm−Tr
)
m
]                                                                            (19)                           
The sign of the strain hardening rate, dσ/dε, is only determined by parameters B and n which are 
derived from the stress-strain curve under the reference condition. Therefore the sign of dσ/dε will 
not change with strain, strain rate or temperature. It is also reported that in the JC model the strain-
hardening rate will increase with increasing strain rate but decrease with increasing temperatures 
[152]. In general, the JC model is inadequate to capture the complex strain hardening behaviour of 
the Ti6554 alloy. It is also found that the prediction of the JC model is particularly satisfactory 
when the strain is near to 0.10 which is the fixed strain in the fitting of parameters C and m for the 
JC model. However, the average absolute error of the fitting results in Fig.5 (c) gradually increases 
with increasing deviation of strain from 0.10 as shown in Fig.10. This indicates that the JC model is 
only capable of predicting the dynamic flow behaviour of materials very accurately in a narrow 
domain near the specific strain which is fixed in the parameters fitting for the JC model. In addition, 
the parameters C and m for the JC model have been reported to be dependent on the strain that is 
fixed in the parameters fitting process [139]. 
The modified ZA model has a better capacity to capture the strain hardening behaviour of the 
Ti6554 alloy at high strain rates as it incorporates the coupling effects of strain and temperature on 
the flow stress. The format of d ln σ dε⁄  can be derived from the modified ZA model i.e. Eq. (10): 
d ln σ dε⁄ = dln(C1 + C2ε
n) d𝜀⁄ −C4T
∗                                                                                          (20) 
According to Eq. (20), the negative sign of C4 in Table 3 and Table 4 implies that the strain 
hardening rate will increase with increasing temperature. Comparing parameters in Table 3 with 
those in Table 4, it is found that a significant difference between these two sets of parameters is that 
the absolute value of C4 decreases from 2.22×10
-3
 in Table 4 to 5.2×10
-4 
in Table 3. This indicates 
that the poor agreement between the predicted and experimental data in Fig.7 is caused by the 
reduction of C4. This reduction of C4 in Table 3 should be caused by the almost zero slope of the 
flow curve from the test at 1173K. This drop of strain hardening rate at 1173K may be attributed to 
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dynamic recovery or dynamic recrystallization that happen at elevated temperatures. This indicates 
that when selecting data set for parameters fitting for the modified ZA model, temperature range 
should be taken into consideration in order to eliminate the influence of dynamic recovery or 
dynamic recrystallization on the modelling of strain hardening behaviour.  
It should also be kept in mind that the JC model only has 5 parameters to evaluate while the 
modified ZA model has 7. In addition, the modified ZA model requires more experimental data for 
parameters fitting than the JC model.  
 
4. Conclusions 
Original Johnson-Cook (JC) model and a modified Zerilli-Armstrong (ZA) model have been 
established to characterize the flow behaviour of the Ti6554 alloy over a wide range of strain rates 
(10
3
-10
4
 s
-1
)  and temperatures (293K-1173K) , respectively. Based on this study, following are the 
conclusions: 
1. The main characteristic of the flow behaviour of the Ti6554 alloy at high strain rates is that flow 
curves exhibit a negative strain hardening rate at 293K while the strain hardening rate will 
increase to become positive with increasing temperature. The formation of string-like α 
precipitate can be neglected in the constitutive modelling process as it does not induce extra 
strengthening effects.    
2. The JC model is capable of predicting the dynamic flow behaviour of materials accurately in a 
narrow domain near the strain value which is fixed in the parameters fitting for the JC model. 
However the format of the JC model is inadequate to track the complex strain-hardening 
behaviour of the Ti6554 alloy.  
3. The modified ZA model has a much better capacity of describing the strain-hardening rate of 
the Ti6554 alloy as it incorporate the coupled effects of strain and temperature. However, the 
temperature range should be controlled when selecting data for parameters fitting for the 
modified ZA model in order to eliminate the influence of dynamic recovery or dynamic 
recrystallization. 
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Table 1 
Chemical composition (wt. %) of the Ti6554 alloy 
Materials                           Cr                         Mo                    V                    Al                     O                   
Ti        
 
 
Ti6554                               6.05                       4.95                   5.09                4.20                 0.19                
Bal      
 
Table 2 
Parameters of Ti6554 for the JC model 
JC model parameter A(MPa)  B(MPa)     n      C   m 
Value 1397.5 -569.47 1.215 0.03052 0.91 
 
Table 3 
Parameters for the modified ZA model for Ti6554 with data at 1173K included in fitting process 
Parameter C1(MPa)            C2(MPa)           n       C3 C4 C5 C6 
 
Value 
 
1397.5                -569.47         1.215   0.00113 -5.2×10
-4
 0.03131 -3.12×10
-5
 
 
Table 4 
Parameters for the modified ZA model for Ti6554 with data at 1173K excluded in fitting process 
Parameter C1(MPa)            C2(MPa)            n        C3 C4 C5 C6 
 
Value 
 
1397.5               -569.47           1.215     0.0012 -0.00222 0.03136  -3.21×10
-5
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Fig.1. Optical micrograph of the initial microstructure of the Ti6554 alloy 
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Fig.2. Schematic showing the arrangement of the SHPB device. 
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Fig.3. True stress-strain curves of the Ti6554 alloy at various temperatures with strain rate of (a) 
1000 s
-1
 (b) 4000 s
-1
 (c) 10000 s
-1 
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Fig.4. SEM images of samples deformed at: (a) 4000 s
-1
, 1173K; (b) 1000 s
-1
, 1173K; (c) 4000 s
-1
, 
293K; (d) 4000 s
-1
, 873K.
 
 
 
 
 
 
 
 
 
 
 Hongyi Zhan 
 
122 The University of Queensland 
 
Fig.5. Fitting results using the JC model at (a) 293K (b) 4000 s
-1
, (c) Validation of the predictability 
of the JC model
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Fig.6. (a) Relationship of logarithmic stress with T∗ at a strain of 0.15 (b) Relationship of S1 with 
true strain (0.05-0.15 in steps of 0.025). 
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Fig.7. Fitting results using parameters for the modified-ZA model in Table 4: (a) 1000 s
-1
 (b) 4000 
s
-1
 (c) 10000 s
-1
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Fig.8. Fitting results using parameters for the modified-ZA model in Table 5: (a) 1000 s
-1
 (b) 4000 
s
-1
  (c) 10000 s
-1
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Fig.9. Validation of the predictability for the modified ZA model. 
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Fig.10. Variation of average absolute error with strains using the JC model: (1)10
3
 s
-1
 573K; (2)10
3
 
s
-1
, 873K; (3)10
3
 s
-1
,1173K; (4)10
4
 s
-1
,573K; (5)10
4
 s
-1
,873K. 
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Abstract 
The Ti-25Nb-3Zr-3Mo-2Sn (wt. %) alloy deforms primarily by {332}<113> twinning with limited 
{112}<111> twinning and stress-induced phase transformations. For the Ti-25Nb-3Zr-3Mo-2Sn 
alloy, the yield stress and strain hardening rate are independent of strain rate.  It is found that 
adiabatic heating induced by high strain rate deformations is insufficient to significantly modify the 
deformation modes. Also the twinning rate and morphologies of {332}<113> twins are independent 
of strain rate (1 ×10
-3
 to 1×10
3 
s
-1
)  within the strain range in our experiments. 
 
Keywords 
Metastable β titanium alloys; High strain rates; Stress-induced martensitic 
transformation; Mechanical twinning 
 
In the last decade, a range of metastable β Ti-Nb based alloys with ultralow Young’s modulus and 
superelastic properties have been developed for biomedical implant applications [258-260]. The 
dominant deformation mechanism for β titanium alloys will change from dislocations slip to 
twinning and/or stress-induced martensitic (SIM) transformation with decreasing levels of β phase 
stability [64, 65]. The β phase stability is commonly gauged by the Moeq, an equivalent binary Ti-
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Mo alloy concentration [66]. In recent years, bond order (Bo) and d-orbital energy (Md) have been 
applied to predict the relationship between plastic deformation behaviour and β phase stability [67, 
68]. Decreasing phase stability is reflected by an increase in Md or decrease in Bo. A Bo-Md plot 
over the range of 2.35 to 2.60 in Md and 2.78 to 2.96 in Bo has been developed based on numerous 
experimental results [69]. When the β titanium alloys are located within a specific zone in the Bo-
Md diagram, different deformation modes including stress-induced martensitic transformation, 
various types of twinning and/or dislocations slip are reportedly activated simultaneously and their 
interactions significantly contribute to enhanced strain hardening and higher ductility [73, 74, 261].  
For body-centred cubic (bcc) structured metals and alloys, the yield strengths generally have 
positive strain rate sensitivities as the thermal activation energy required to overcome Peierls stress 
increases with increasing strain rates. Contrarily, the strain hardening rates decrease with increasing 
strain rates as thermal softening effects brought by adiabatic heating counteract strain hardening 
effects when strain rate are beyond 1 s
-1. This was shown to be the case for a heavily stabilized β 
titanium alloy which deformed primarily by dislocations slip [30].  However, deformation modes 
activated in the metastable β titanium alloys can be complex and the influence of strain rates on the 
deformation mechanisms and mechanical properties of the metastable β titanium alloys are rarely 
reported. The Ti-25Nb-3Zr-3Mo-2Sn(wt.%) alloy is particularly promising for biomedical implant 
applications due to its biocompatible composition, low elastic modulus and good combination of 
high strength and ductility [57, 262]. High strain rates employed during processes such as 
machining and high speed forming operations motivate this investigation into the dynamic response 
of the Ti-25Nb-3Zr-3Mo-2Sn alloy. In the present study, the deformation modes which are 
activated at different rates of strain and the strain rate sensitivity of the mechanical properties have 
been investigated for the Ti-Nb-Zr-Mo-Sn alloy.  
The Ti-25Nb-3Zr-3Mo-2Sn (wt. %) alloy was produced by vacuum arc remelting. The ingots were 
hot rolled at a temperature of 1123K to cylindrical rods. Hot rolled rods of the Ti-25Nb-3Zr-3Mo-
2Sn alloy were solution treated at 1023K for 1 h in a protective Argon atmosphere and then 
quenched in water. Specimens for mechanical testing were cut by electro-discharge machining from 
the rods. Dynamic and quasi-static compressive tests were carried out using Split Hopkinson 
Pressure Bar (SHPB) tests and an INSTRON machine, respectively. Specimens for electron 
backscatter diffraction (EBSD) were first wet ground using silicon carbide papers and then 
mechanically polished. EBSD was performed on a JEOL 6610 instrument equipped with an HKL 
Channel 5 system operating at 20 kV. Deformed specimens for transmission electron microscopy 
(TEM) were prepared by mechanical grinding and twinjet polishing using Struers A3 electrolyte (50 
 Hongyi Zhan 
 
131 The University of Queensland 
ml perchloric acid, 300 ml butylcellosolve and 500 ml methanol) at an applied voltage of 20V and a 
temperature of 233 K. TEM investigations were performed using a JEOL 2100 microscope operated 
at 200 kV. X-ray diffraction (XRD) tests were conducted on a D8 Advance X-ray diffractometer 
equipped with a graphite monochromators and a Ni-filtered Cu Kα source. 
The average Bo and Md of the Ti-Nb-Zr-Mo-Sn alloy are calculated to be 2.846 and 2.441 based on 
the equation proposed in [69]. Figure 1(a) presents the Bo̅̅̅̅ − Md̅̅ ̅̅   diagram showing the Ti-25Nb-
3Zr-3Mo-2Sn alloy. This Ti-Nb alloy is located below the boundary Ms (Martensite start 
temperature) =RT (room temperature) and above the boundary Mf (Martensite finish temperature) 
=RT, which indicates that the metastable β phase can be retained during water quenching after 
solution treatment. The EBSD inverse pole figure (IPF) map of the as-received specimens is shown 
in Figure 1(b).  It exhibits a typical equiaxed microstructure with single bcc structured β phase.  
The true stress-strain curves of the Ti-25Nb-3Zr-3Mo-2Sn alloys deformed at different strain rates 
at ambient temperatures are shown in Figure 2(a). The oscillations in the curve from high strain rate 
deformations are caused by wave dispersion [77, 263]. The yield stress (YS) in this curve can be 
obtained by the intersection of elastic modulus line with the extended plateau. The strain hardening 
exponents (n) can be calculated by Hollomon’s power law equation: 𝜎 = 𝐶 × 𝜀𝑛 where σ is the true 
stress and ε is the true strain. The yield stresses (YS) and strain hardening exponents (n) in quasi-
static and high strain rate deformations are listed in the inset of Figure 2(a). It is found that YS is 
nearly independent of strain rate over strain rates which vary by 6 orders of magnitude. The strain 
hardening rate for the high strain rate deformation is also pronounced although slightly lower than 
that under quasi-static conditions. Figure 2(b) presents the XRD patterns of the Ti-Nb-Zr-Mo-Sn 
alloys after deformation at different strain rates. The diffraction peaks are indexed to be bcc β phase 
in the undeformed specimens. Diffraction peaks from orthorhombic α" phase can be identified in 
the deformed specimens, suggesting that some SIM α" formed during the deformation. The 
intensities of the diffraction peaks related to the SIM α" phase are weak and do not show much 
variation for the specimens deformed at different rates of strain. It is difficult to quantify the volume 
fractions of SIM α" in the specimens through XRD results due to its limited peak intensity, 
preferential grain orientation and peak overlapping.  
Different types of deformation products were observed by EBSD and TEM in transverse sections of 
the specimens deformed at a strain rate of 1×10
-3
 s
-1
 as shown in Figure 3. Most of the plate features 
within the grains shown in Fig 3(a) have been identified as {332}<113> twins with characteristic 
50.5°misorientation angle as shown in Fig 3(b). {332}<113> twinning is a twining system which is 
specific to β titanium alloys, for which the coincidence site lattice (CSL) type is Σ11 boundary 
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[264]. The fraction of Σ11 boundaries in Fig 3(a) is calculated to be 12.7% using HKL Channel 5 
software. Some plate like features which are not indexed are coloured black in Fig 3(a). This may 
be attributed to extensive distortions of the lattice by the deformation. SIM α" is not easily indexed 
in EBSD mapping as its exact lattice parameters for the Ti-Nb-Zr-Mo-Sn alloy are not precisely 
known. Finer features can be observed by TEM. A set of parallel lamellae with a thickness of ~100 
nm are shown in Figure 3(c). As the diffraction spots relating to the ω phase formed in β titanium 
alloys are always located at 1/3<112>β and 2/3<112>β positions, the lamellar feature in Figure 3(c) 
can be indexed to the ω phase according to the SAD pattern shown inset. According to their 
lamellar morphology, they were formed by deformation [72] rather than by quenching. Lath-like 
stress-induced α" martensite was observed as shown in Figure 3(d), which is in accordance with the 
XRD results presented in Figure 2(b). Another feature observed by TEM is {112}<111> twins with 
straight sided plate-like morphologies as shown in Fig 3(e). The CSL type of the {112}<111> twins 
is  Σ3 boundary with a misorientation angle of 60°. 
Figure 4 shows EBSD and TEM analysis of the typical microstructure observed in the Ti-Nb-Zr-
Mo-Sn alloys deformed at 1×10
3
 s
-1
. Extensive {332}<113> twins are present as shown in Fig 4(a) 
by EBSD and the fraction of Σ11 boundaries in Fig 4(a) is calculated to be 13.4%. No obvious 
difference in twin density and thickness can be observed by EBSD in the microstructures of 
specimens deformed at different strain rates. Intersections of fine mechanical twins were detected 
by TEM as shown in Figure 4(c). This twinning system is identified as {112}<111> according to 
the indexed diagram shown in Figure 4(d). Dark-field images of two different variants of the 
mechanical twins are shown in Figure 4(e) and (f), respectively. Stress-induced ω phase was also 
observed as shown in Fig 4(g). Though SIM α" was not observed directly by TEM or EBSD in the 
specimens deformed at 1×10
3
 s
-1
, its existence was confirmed by the XRD results (Fig 2(b)). 
In contrast to dislocation-dominated deformations in heavily-stabilized β titanium alloys, the yield 
stress for the Ti-Nb-Zr-Mo-Sn alloy is practically the same at both strain rates of 10
-3
 and 10
3 
s
-1
. 
For the metastable β titanium alloys, the critical stress for SIM α" phase transformation and/or 
{332}<113>twinning is typically lower than that for dislocation slip for quasi-static deformations at 
an ambient temperature [265, 266]. The critical stress for twinning is normally regarded as 
insensitive to strain rate due to its diffusionless nature [267]. Li et al [268] and Paradkar et al [269] 
have discussed the influence of strain rate on the triggering stress of SIM based on the free energy 
changes associated with the transformation and concluded that the triggering stress increases with 
increasing strain rate when the strain rate range is within the thermally activated dislocation motion 
regime. As multiple deformation mechanisms are activated during the deformation, the exact 
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deformation mode at yield for the different strain rates will be the subject of further investigation. 
As the volume fractions of {112}<111> mechanical twinning and stress-induced phases observed in 
the Ti-25Nb-3Zr-3Mo-2Sn samples after deformation are limited in comparison to {332}<113> 
twinning, {332}<113> twinning is regarded as the dominant deformation mode. Twins cut across 
grains and intersect with each other, leading to a decrease in the dislocation mean free path. This 
phenomenon, referred to as the dynamic Hall-Petch mechanism [264], is able of inducing 
significant strain hardening rate.  The strain hardening rates of the Ti-25Nb-3Zr-3Mo-2Sn alloy for 
different strain rates are almost identical (Figure 2(a)), which can be explained in two separate 
aspects. On the one hand, adiabatic heating induced by the high strain rate deformations did not 
play an important role in stabilizing the β matrix as the dominant deformation mode continues to be 
{332}<113> twinning according to the EBSD results. Adiabatic heating induced by the high strain 
rate deformations reportedly stabilize the austenite matrix in austenitic stainless steels [270, 271], 
supressing SIM transformations and thereby altering the dominant deformation mechanism. 
Deformation mechanisms of β titanium alloys, as mentioned in the introduction, also change with β 
phase stability. Variations in the deformation mechanisms will influence the strain hardening 
behaviour. One equation has been extensively applied to estimate the temperature elevation during 
high strain rate deformation:  ∆T =
η
ρc
∫ σ(εi, ε̇i, Ti)
εi+1
εi
dε where the heat capacity of beta titanium 
alloy is taken as c=0.55 kJ (kg/K)
-1, the density as ρ=4.67 g cm-3 and heat fraction coefficient η is 
prevalently defined as 0.9 [30]. The integral is the plastic work i.e. the area under the stress-strain 
curves. A temperature increase of only 38 K is obtained at the end of the deformation for a strain of 
0.18 under the high strain rate deformations in our experiments. Considering this relatively small 
value for adiabatic heating on the β matrix stability it will not be sufficient to modify the dominant 
deformation mechanism. On the other hand, both density and average thickness of the {332}<113> 
twins observed in the specimens deformed at different strain rates are similar.  This indicates that 
the twinning rate and morphology of the {332}<113> twins within the strain range of our 
experiments are strain rate insensitive, which results in similar strain hardening rates for the 
different strain rates. 
In summary, multiple deformation mechanisms including {332}<113> and {112}<111> 
mechanical twinning, stress-induced martensite and ω phase transformation were activated in the 
Ti-25Nb-3Zr-3Mo-2Sn alloy and among them {332}<113> twinning was the dominant mechanism 
at low and high strain rates. The strain hardening behaviour of the Ti-25Nb-3Zr-3Mo-2Sn alloy is 
strain rate insensitive as adiabatic heating induced by high strain rate deformations is not sufficient 
to significantly modify the deformation modes and the twinning rate and morphologies of 
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{332}<113> twins are independent of strain rates (1 ×10
-3
 to 1×10
3 
s
-1
) within the strain range in 
our experiments. 
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Figure.1. (a) Bo̅̅̅̅ − Md̅̅ ̅̅   diagram showing the location of the Ti-Nb-Zr-Mo-Sn alloy. (b) EBSD IPF 
map relative to the ND (the compressive direction is parallel to ND) of the solution treated Ti-Nb-
Zr-Mo-Sn alloy (step size=0.2 μm). 
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Figure.2. (a) True stress-strain curves (the inset shows yield stress and strain hardening rate for 
stress-strain curves) and (b) XRD spectrums for specimens deformed at different strain rates.  
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Figure.3. EBSD and TEM analysis of the specimens deformed at 1×10
-3
 s
-1
: (a) EBSD IPF map 
relative to the ND (the compressive direction is parallel to ND) with step size of 0.1 μm. (b) Line 
traces across region arrowed in (a) showing the misorientation angle. TEM dark-field images of (c) 
ω phase, (d) α" martensite and (e) {112}<111>β twinning. (The inset of (c), (d), and (e) shows 
corresponding SAD pattern along different zone axis).  
 
 
 
 
 
 
 
 
 
 
 Hongyi Zhan 
 
138 The University of Queensland 
 
Figure.4. EBSD and TEM analysis of the specimens deformed at 1×10
3
 s
-1
: (a) EBSD IPF map 
relative to the ND (the compressive direction is parallel to ND) with step size of 0.2 μm (b) Line 
traces across region arrowed in (a) showing the misorientation angle. (c) Bright-field image of two 
variants of {112}<111> twinning and corresponding SAD pattern. (d) Indexed diagram 
corresponding to {112}<111> twins. (e) and (f) Dark-field images of {112}<111>β twins by 
selecting the diffraction spots highlighted in the inset of (c). (g) TEM dark-field image of ω phase. 
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Abstract 
A metastable β Ti-Nb alloy, Ti-25Nb-3Zr-3Mo-2Sn (wt.%), has been subjected to high strain rate 
deformations (1000 s
-1
) at the temperatures of 293K, 573K and 873K by Split Hopkinson Pressure 
Bar compressive tests. The microstructural evolution and deformation mechanisms of the 
metastable Ti-Nb-Zr-Mo-Sn alloy have been investigated by X-ray diffraction, electron backscatter 
diffraction and transmission electron microscopy. Multiple deformation mechanisms including {332} 
<113> and {112} <111> mechanical twinning, stress-induced α" and ω phase transformations and 
dislocation slip were identified at 293K. Among them, {332} <113> twinning is the dominant 
deformation mechanism and induced pronounced strain hardening at 293K. At 573K, {332} <113> 
and {112} <111> mechanical twinning occur in conjunction with dislocation slip. Though the direct 
contribution to strengthening by mechanical twinning is relatively small at 573K, it enhances both 
the multiplication and annihilation of dislocations thereby impacting the strain hardening behaviour 
of the Ti-Nb-Zr-Mo-Sn alloy. With an increase in temperature to 873K, the plastic strain is 
accommodated by dislocation slip only. The deformation mechanisms which are active during 
deformations at different temperatures also influence the development of texture in the Ti-Nb-Zr-
Mo-Sn alloy.    
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1. Introduction 
In the last decade, a range of metastable β Ti-Nb based alloys with ultralow Young’s modulus, good 
biocompatibility and superelastic properties have been developed for biomedical implant 
applications [258-260, 272, 273]. The dominant deformation mechanism for β titanium alloys varies 
from dislocation slip to twinning and/or stress-induced martensitic (SIM) transformation with 
decreasing levels of β phase stability [54, 64, 65]. In recent years, the average bond order (Bo) and 
d-orbital energies (Md) have been used to predict the relationship between the plastic deformation 
behaviour and β phase stability [67, 68]. Decreasing β phase stability is reflected by an increase in 
Md or decrease in Bo. A Bo-Md plot over the range of 2.35 to 2.60 in Md and 2.78 to 2.96 in Bo 
has been developed on the basis of experimental results [69]. Also, a design principle for 
development of new β titanium alloys with improved strengths and ductility has been proposed on 
the basis of the Bo-Md plot [72-74]. When the β titanium alloys are located within a specific region 
of the Bo-Md diagram, a range of deformation modes including stress-induced martensitic 
transformation, various types of twinning and/or dislocations slip can be activated simultaneously 
and their interactions significantly contribute to enhanced strain hardening and higher ductilities 
[72-74, 261].  
The dynamic response of materials at high strain rates and elevated temperatures can be quite 
different to those under the condition of quasi-static strain at ambient temperatures, with their 
effects being material-dependent. For most metals the flow stress increases with increasing strain 
rate but decreases with increasing temperature. However, for TWIP steel [171] and some 
aluminium alloys [230], the flow stress is mildly sensitive or essentially insensitive to the strain rate. 
In addition, a strain rate softening behaviour is observed for high manganese steels for strains in the 
range of ~500-1700 s
-1 
[231].
 
Khan et al. [133], Nemat-Nasser et al. [132], Hokka et al. [134] and 
Lee et al. [85, 118, 129] performed dynamic experiments on titanium alloys and observed that the 
flow stress is sensitive to high strain rates and elevated temperatures. For the Ti6Al4V [129] and 
Ti15Mo5Zr3Al [85] alloys, it was observed that  the flow stress is more sensitive to temperature 
than strain rate. The deformation mechanisms and mechanical properties of metastable β titanium 
alloys at high strain rates over a wide range of temperatures are rarely reported. 
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The Ti-25Nb-3Zr-3Mo-2Sn (wt.%) alloy is particularly promising for biomedical implant 
applications due to its biocompatible composition, low elastic modulus and good combination of 
high strength and ductility [57, 262, 274]. The average Bo and Md of the Ti-Nb-Zr-Mo-Sn alloy are 
calculated to be 2.846 and 2.441 on the basis of  the equations proposed in Ref. [69]. It has been 
shown in Ref. [275] that the Ti-25Nb-3Zr-3Mo-2Sn alloy is located in the region of the Bo̅̅̅̅ − Md̅̅ ̅̅   
diagram where mechanical twinning and stress-induced phase transformation can take place  
simultaneously to accommodate plastic strain. Zhang et al. [276] have investigated the effects of 
cold rolling and annealing on the microstructural evolution and mechanical properties of  the Ti-
25Nb-3Zr-3Mo-2Sn alloy; while Tian et al. [277] and Bai et al. [278] have studied the hot 
deformation behaviour of the Ti-25Nb-3Zr-3Mo-2Sn alloy over a narrow temperature range 
between 1023 K to 1123K with the highest strain rate employed being 50 s
-1
. The high strain rates 
and elevated temperatures which are experienced by materials during commercial manufacturing 
processes such as machining and high speed forming operations motivate this investigation into the 
dynamic response of the Ti-25Nb-3Zr-3Mo-2Sn alloy at room and elevated temperatures.  
In the present study, the stress-strain behaviour of the Ti-Nb-Zr-Mo-Sn alloy was investigated at 
high strain rates (1000 s
-1
) at temperatures of 293K, 573K and 873K using Split Hopkinson 
Pressure Bar compressive tests. The microstructural evolution of the Ti-Nb-Zr-Mo-Sn alloy during 
the deformations was observed and the interrelationship between the microstructural characteristics 
and mechanical properties analysed. 
 
2. Experimental 
The Ti-25Nb-3Zr-3Mo-2Sn (wt. %) alloy was produced from commercially pure Ti sponge (99.5 
wt. % purity), pure Zr bars (99.7 wt. %), pure Sn bars (99.9 wt. %), pure Mo powder (99.8 wt. %) 
and an intermediate Nb–47 wt. % Ti alloy. The alloys were melted three times by vacuum arc 
remelting to ensure chemical homogeneity and low levels of impurities. The ingots were hot rolled 
at a temperature of 1123K into cylindrical rods and solution treated at 1023K (above the β transus) 
for 1 h in a protective Argon atmosphere followed by quenching into water.  
The dynamic mechanical behaviour of the Ti-Nb-Zr-Mo-Sn alloy was tested using a Split 
Hopkinson Pressure Bar (SHPB) arrangement [80] at a strain rate of 1000 s
-1
 and temperatures of 
293K, 573K and 873K. Cylindrical specimens for the high strain rate tests were 5 mm in diameter 
and 4 mm in height. They were cut from rods using electrical discharge machining with a slow 
cutting speed to minimise heat effects on the samples. For the experiments performed at elevated 
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temperatures, the specimens were heated by an in-situ induction coil and the temperature was 
regulated by a thermocouple which was not in contact with the specimen. After reaching the 
designated temperature, the specimen was maintained at this temperature for approximately 2 
minutes to ensure a uniform temperature distribution. In order to decrease the friction between the 
contact surfaces of the bars and specimen, molybdenum sulphide was used as a lubricant. 
Specimens for electron backscatter diffraction (EBSD) were first wet ground using silicon carbide 
papers and then mechanically polished. EBSD was performed on a JEOL 6610 instrument equipped 
with an HKL Channel 5 system operating at 20 kV. EBSD inverse pole figure (IPF) maps covering 
an area of at least 80000 μm2 were used to calculate the texture strength and area fraction of twins 
in specimens deformed at the different temperatures. At least 50 twins were used to calculate the 
average twin widths. Specimens for transmission electron microscopy (TEM) were prepared by 
mechanical grinding and twinjet polishing using Struers A3 electrolyte (50 ml perchloric acid, 300 
ml butylcellosolve and 500 ml methanol) at an applied voltage of 20V and a temperature of 233 K. 
TEM investigations were undertaken using a JEOL 2100 microscope operated at 200 kV. X-ray 
diffraction (XRD) tests were conducted on a D8 Advance X-ray diffractometer equipped with a 
graphite monochromator and a Ni-filtered Cu Kα source.  
 
3. Results 
3.1. Stress-strain behaviours  
True stress-strain curves of the Ti-Nb-Zr-Mo-Sn alloy deformed at 1000 s
-1
 and different 
temperatures are shown in Figure 1a. None of the deformations resulted in fracture hence the ends 
of the curves represent unloading rather than fracture. The intense oscillations and characteristic 
serrations shown in the curves are caused by wave dispersion effects [77, 263]. Plots of the strain 
hardening rate (θ) vs. true strain are also shown in Figure 1a. The strain hardening rate was 
determined by differentiating third-order polynomials fitted to the original true stress-strain curves 
in order to eliminate the wave dispersion effects. The intense oscillations in the stress-strain curves 
for true strains < 0.05 were not included in the polynomial fitting. The yield stress (σy) can be 
estimated from these plots by the intersection of lines projected from the initial elastic modulus and 
the slope of the extended plastic deformation plateau. A plot of the yield stress versus temperature 
is shown in Figure 1b.  
The influence of temperature on the yield stress is complex. The yield stress increases as the 
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deformation  temperature is raised from 293K to 573K while it is drastically reduced at 873K 
(Figure 1b). The strain hardening behaviour of the Ti-Nb-Zr-Mo-Sn alloy is the most pronounced at 
293K (Figure 1a) and decreases slowly with increased strain until it remains relatively constant 
beyond a strain of around 0.10. The strain hardening rate at 573K and 873K are significantly lower 
and decrease more rapidly in comparison to that at 293K. The strain hardening rate at 573K is 
higher than that at 873K up to a strain of around 0.15. It should be noted that the stress-strain 
behaviour described here is for compressive testing, while the behaviours may be different for high 
strain rate tensile or shear conditions.  
3.2. Microstructural evolution 
3.2.1. Initial microstructure and XRD results 
The EBSD IPF map of the as-received specimens is shown in Figure 2a. It exhibits a typical 
equiaxed microstructure comprised of the body-centred cubic (bcc) β phase. It is found that the 
texture in the as-received specimens is weak as shown in Fig 2b. The average grain size is ~22 μm 
and the fraction of low-angle boundaries (LAB, 2°<θ<15°) is ~21% (Figure 2c). Figure 3 presents 
the XRD spectra from the Ti-Nb-Zr-Mo-Sn alloy after deformations at 1000 s
-1
 at the different 
temperatures. Diffraction peaks from orthorhombic α" phase can be identified in the specimens 
deformed at 293K, suggesting that some SIM α" formed during the deformation. The intensities of 
the diffraction peaks related to the SIM α" phase are weak. It is difficult to quantify the volume 
fractions of SIM α" in the specimens through XRD due to its limited peak intensity, preferred grain 
orientations and overlapping of peaks. The diffraction peaks were indexed to the bcc β phase in the 
specimens deformed at 573K and 873K. Peak intensities for (110) β, (002) β and (112) β vary with 
temperature, indicating that the texture evolution of the Ti-Nb-Zr-Mo-Sn alloy is influenced by 
temperature. 
3.2.2. Microstructures of specimens deformed at 293K  
The most prevalent deformation products observed in the specimens deformed at 1000 s
-1
 and 293K 
are {332} <113> twins as shown in Figure 4. In Figure 4a the plate morphologies have been 
identified as {332} <113> twins with a characteristic 50.5°misorientation angle. {332}<113> 
twinning is a system which is specific to β titanium alloys, for which the coincidence site lattice 
(CSL) is the Σ11 boundary [264]. The average width of the {332} <113> twins was ~2 μm. The 
area fraction of {332} <113> twins in the specimens deformed at 293K and 1000 s
-1 
was calculated 
to be ~46% on the basis of the EBSD analysis. Twin-twin intersections are abundant as shown in 
Figure 4a. SIM α" is not easily indexed in the EBSD maps as the precise lattice parameters are not 
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known for the Ti-Nb-Zr-Mo-Sn alloy.  
Finer features of the microstructure can be observed by TEM. A network of lamellae with a total 
width of ~1.8 μm is shown in Figure 4c. Evidence of dislocation slip can be identified by the 
dislocation forests which surround the twins. The corresponding selected area diffraction pattern 
(SADP) in Figure 4e has been indexed to be {332} <113> twinning. However, the average width of 
each {332} <113> twin observed by TEM is ~40 nm, which is much thinner than those observed in 
the EBSD IPF map. A bundle of {112} <111> twins were also observed by TEM as shown in 
Figure 5. The average width of the {112} <111> twins is ~120 nm. Unlike {332} <113> twins, the 
CSL type for the {112} <111> twins is the Σ3 boundary with a misorientation angle of 60°. Some 
nano-scale α" martensite was observed to form between the paralleled twins as shown in Figure 5d, 
which is in accordance with the XRD results. The orientation relationship between α" and β was 
indexed as [1̅13]β // [002]α" as shown in Figure 5e, which has also been reported in previous studies 
of β titanium alloys [279]. Another feature observed is a set of parallel lamellae with an average 
width of ~100 nm as shown in Figure 6. Diffraction spots relating to the ω phase formed in β 
titanium alloys are located at 1/3<112>β and 2/3<112> β positions. Therefore, the lamellar feature 
can be indexed to the ω phase according to the SADP shown in the inset of Figure 6b. In low misfit 
alloys the athermal ω phase typically forms in the shape of ellipsoidal precipitates [280] while the 
stress-induced ω phase  has a lamellar [72] morphology. Therefore according to the lamellar 
morphology of these features, they are presumed to form by deformation, rather than during 
quenching. Similar morphologies of stress-induced ω have been reported in metastable Ti-Nb based 
alloys in studies conducted by Yang et al. [281], Lai et al. [282] and Talling et al. [283]. Although 
several different kinds of deformation modes have been found by TEM, the volume fractions of 
{112} <111> twins and stress-induced phase transformation products are very limited in 
comparison to the {332} <113> twins. 
3.2.3 Microstructures of specimens deformed at 573K and 873K 
Obvious twins are observed in the microstructure of specimens deformed at an intermediate 
temperature of 573K, as shown in Figure 7. Black spots in Figure 7a and b represent unindexed 
areas. As mentioned previously, the CSL types for the {332} <113> and {112} <111> twin 
boundaries are Σ11 and Σ3, respectively. Therefore, the boundaries of twins have been delineated 
with yellow (Σ11) or red (Σ3) colours in the EBSD band contrast map (Figure 7b) and the ratio of 
Σ3 to Σ11 boundaries is ~0.2. It is found that more {112}<111> twins can be indexed in the EBSD 
maps for the specimens deformed at 573K compared with those deformed at 293K. This may be 
related to increased β phase stability at higher temperatures. The area fraction and average width of 
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mechanical twins in specimens deformed at 1000 s
-1
 and 573K are ~8% and ~6 μm, respectively. 
The profuse colour variations within grains(Figure 7a) indicates extensive dislocation slip, which is 
also reflected by the dramatic increase in the fraction of  LABs (~50%) as shown in Figure 7c 
compared  to the initial microstructure. Small peaks observed at the misorientation angles from 45-
60 degrees in Figure 7c correspond to misorientations across the {332} <113> and/or {112} <111> 
mechanical twin boundaries. No trace of twins was observed in the microstructures obtained from 
deformations at the highest temperature of 873K as shown in Figure 8. The LABs are observed 
around grain boundaries and there are also a few clusters within the grains as shown in Figure 8b. 
The fraction of LABs increases from 50% at 573 K to 70% at 873K for the deformations at 1000 s
-1
 
as shown in Figure 8c. 
3.3 Texture evolution 
Inverse pole figures viewed along the compressive direction for the specimens deformed at 1000 s
-1
 
at temperatures of 293K, 573K and 873K are shown in Figure 9. The value for half width of the 
contoured IPFs was defined as 10 degrees. Textures for the specimens deformed at the different 
temperatures are relatively weak due to the limited strain level (~0.2)
 
as shown in Figure 9a, b and c. 
The fibre texture components were calculated using the HKL Channel 5 software using the 
“Texture Components” function from their corresponding IPF maps which covered an area of at 
least 80000 μm2. It should be noted that an area of 80000 μm2 does not provide an ideal statistical 
measure for the texture analysis but can still be used to infer information on the texture evolution in 
the samples as a result of the deformations. The fractions of fibre texture components for the 
different deformation conditions are shown in Figure 9d, which were calculated by integrating over 
an angle of 20 degrees from the ideal <001>, <111> or <011> orientations as suggested by 
Hörnqvist et al. [284] and Naaman et al. [285]. As the indexing rate for large area IPF maps from 
the specimens deformed at 293K is much lower than those deformed at 573K and 873K, the 
fraction of the texture components calculated for the specimens deformed at 293K is not included in 
Figure 9d. However, Figure 9a suggests that the intensity contours for the specimens deformed at 
293K is near the <110> pole. It is observed that the fraction of the texture components varies 
markedly for the deformations at different temperatures shown in Figure 9d. The fraction of <110> 
fibre texture decreases rapidly from ~0.35 in the undeformed specimens to ~0.15 in the specimens 
deformed to a true strain of 0.20 at 873K while the fractions of <001> and <111> fibre texture in 
the deformed microstructures increase with increasing temperature. These differences in texture 
development indicate that the texture in the Ti-Nb-Zr-Mo-Sn alloy during high strain rate 
deformations is dependent on the relative contributions of dislocation slip and mechanical twinning. 
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As dislocation slip is significant at 573K and 873K, the grain orientation gradually rotates to the 
preferred softer orientation for the dislocation slip leading to the increment of <001> and <111> 
fibre texture at 573K and 873K. Similar texture development  have been reported in β titanium 
alloys during hot deformations [286, 287] and uniaxial compressive test [281] . As mechanical 
twinning is still active in the deformations at 573K, the fraction of <001> fibre texture is lower at 
573K compared with that at 873K. 
 
4. Discussion 
4.1 Strain hardening behaviour at 293K 
It is found that {332} <113> and {112} <111> mechanical twinning,  stress-induced α" and ω phase 
transformations as well as dislocation slip occur concurrently to accommodate the plastic strain at 
293K at a strain rate of 1000 s
-1
 for the Ti-Nb-Zr-Mo-Sn alloy. Considering the limited volume 
fractions of {112} <111> twins and stress-induced phase transformation products observed under 
TEM and EBSD, it is believed that {332} <113> twinning is the primary deformation mode. In our 
previous study [275] it was shown that the stress-strain curves for the Ti-Nb-Zr-Mo-Sn alloy 
deformed at 293K and 1000 s
-1
 shows a pronounced strain hardening which is only slightly lower 
than that for quasi-static strain conditions.  However, for a more heavily stabilized β titanium alloy, 
the strain hardening rate for deformations at 293K is negative when the strain rate is raised to 1000 
s
-1
 due to significant thermal softening effects brought about by adiabatic heating [30]. In this 
metastable Ti-Nb alloy, profuse {332} <113> mechanical twins cut across grains and intersect with 
each other leading to a decrease in the dislocation mean free path. This phenomenon, referred to as 
the dynamic Hall-Petch mechanism [264], is able to induce significant rates of strain hardening in 
the Ti-Nb-Zr-Mo-Sn alloy even when the strain rate is raised to 1000 s
-1
.  
To quantitatively analyse the hardening effects of the mechanical twins, we assume that the total 
flow stress can be expressed as:  
σ = σ0+Δσρ+Δσt                                                                                                                                      (1) 
where σ0 is the friction stress and Δσρ is the flow stress contributed by dislocation forests. (Note: 
{112} <111> twins, SIM α" and ω phase transformation have not been considered in the analysis 
due to their very limited volume fractions.) Δσt, the increment of flow stress by {332}<113> 
mechanical twinning, is always expressed as [288, 289]: 
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Δσt = MβGb/Λ                                                                                                                                      (2) 
Where β is Taylor constant of 0.5 [290] and G is the material shear modulus which is around 30 
GPa for the Ti-Nb alloys of  low elastic modulus [291, 292]. M is an average Taylor factor of 3.06 
and b is the Burgers vector of 2.54 ×10
-10
 m. Λ is the dislocation mean free path (MFP), which can 
be written as: 
1/Λ=1/L+1/D                                                                                                                                       (3)    
Where L is the average grain size of the as-received microstructures (22μm) and D is the mean twin 
spacing which can be determined using the volume fraction f and twin thickness d: 
1/D=f/[2d(1-f)]                                                                                                                                    (4) 
The volume fraction f can be approximated from the area fraction obtained by EBSD analysis  and 
the twin thickness d can be taken as half of the average twin width (w) based on a stereological 
relation [264]. For the specimens deformed at 293K and 1000 s
-1
, f is 46% and d is w/2=1 μm on 
the basis of our EBSD data. However, when taking all these parameters into Eq. (1), (2) and (3), Δσt 
is calculated to be just 6 MPa. This result does not support the assertion that {332} <113> 
mechanical twins are the dominant contributor to the significant strain hardening observed. This 
contradiction can be explained by the fact that due to the limited resolution of EBSD, nano-scale 
twins cannot be discerned through this analysis technique. It is observed that in TWIP Steels [293], 
singular mechanical twins observed in EBSD maps are actually bundles of several thin mechanical 
twins. Eckert et al. also reported similar TEM observations showing that submicron and nanoscale 
deformation twins arrange to form a filament shape across large length scales [294]. The width of 
the network of mechanical twins (Figure 4c) observed in our specimens by TEM is also similar to 
that of the individual twins observed by EBSD (Figure 4a). If we assume that each twin observed in 
EBSD actually consists of networks of several nano-scale twins with average widths of 40 nm, Δσt 
is then calculated to be 252 MPa which accounts for around 33% of the total stress for deformations 
at 293K and 1000 s
-1
 to a true strain of 0.2. Due to a lack of exact values for the shear modulus and 
average twin width, the calculated value for Δσt is at best a rough estimate but does help to explain 
the prominent strain hardening behaviour at 293K. The strain hardening rate decreases with 
increasing strains due to the thickening of twins and slowdown in the primary twining rate, while it 
remains almost constant for strains above 0.10 probably due to the activation of secondary twinning 
and twin-twin intersections which further reduce the dislocation mean free path.   
4.2 Strain hardening behaviour at 573K and 873K 
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The main deformation mechanism for the Ti-Nb-Zr-Mo-Sn alloy changes from {332} <113> 
mechanical twinning at 293K to co-operative {332} <113> mechanical twinning and dislocation 
slip at 573K, to dislocation slip only at 873K. High temperatures increase β phase stability, which 
alters the deformation modes at different temperatures.  
Elevated temperatures reduce the tendency for mechanical twinning and provide dislocations with 
the thermal energy necessary to overcome obstacles, resulting in a drastic reduction in the strain 
hardening rate at 573K and 873K compared with that at 293K. Considering the small volume 
fraction of mechanical twinning observed in Fig.7 and Fig.8, it is reasonable to conclude that the 
strain hardening behaviour for high strain rate deformation at 573K and 873K is mainly related to 
the development of dislocation forests rather than mechanical twinning. 
To quantitatively analyse the hardening effects of the dislocation forests on the deformations at 
573K and 873K, Δσρ, the flow stress contribution can be expressed as [295, 296]: 
Δσρ= 𝑀𝛽𝐺𝑏√𝜌                                                                                                                                    (5) 
where ρ is the total dislocation density determined by the competition between dislocation 
multiplication and annihilation driven by dynamic recovery. Changes in the dislocation density in 
conjunction with strain can be determined from: 
𝑑𝜌/𝑑𝜀 = 𝑀(𝑘1√𝜌 − 𝑘2𝜌)                                                                                                                 (6) 
where k1 denotes the dislocation storage rate and k2  denotes the intensity of dynamic recovery.  
For deformations at 573K with a true strain of 0.2, taking the parameters of f is 8% and d is w/2=3 
μm into Eq. (2), (3) and (4), the Δσt is calculated to be only ~1 MPa. Even if it were to assume that 
due to the limited resolution of the EBSD mapping the average twin width is an overestimate and 
the average twin width is similar to that for the deformation at 293K at around 40 nm, regardless of 
the increased deformation temperatures, the calculated Δσt is only 26 MPa. Therefore, twinning-
induced hardening, Δσt, can be neglected in Eq. (1). Also, considering that the friction stress σ0 is 
insensitive to strain, the equation for strain hardening rate θ can be expressed as: 
𝜃 =
𝑑𝜎
𝑑𝜀
=
𝑑(𝜎0+∆𝜎𝜌+∆𝜎𝑡)
𝑑𝜀
=
𝑑∆𝜎𝜌
𝑑𝜀
=  
𝑑∆𝜎𝜌
𝑑𝜌
×
𝑑𝜌
𝑑𝜀
                                                                                           (7)                                          
Then taking Eq. (5) and (6) into Eq. (7), θ can be obtained from: 
𝜃 =
𝑀2𝛽𝐺𝑏
2
𝑘1 −  
𝑀2𝛽𝐺𝑏𝑘2
2
√𝜌                                                                                                               (8) 
 Hongyi Zhan 
 
150 The University of Queensland 
Therefore a linear relationship exists between the strain hardening rate θ and the stress Δσρ based on 
Eq. (5) and (8) can be obtained from:  
θ=A-BΔσρ                                                                                                                                            (9) 
where, 
A=βGbM2
𝑘1
2
                                                                                                                                       (10) 
B=M
𝑘2
2
                                                                                                                                               (11) 
Assuming that the strain hardening is mainly controlled by development of dislocation forest, Δσρ 
can be substituted with (σ-σy), and the plots of θ vs. (σ-σy) for high strain rate deformations at 573K 
and 873K are shown in Figure 10. After linear curve fitting, A, B in Eq. (9) for deformations at 573 
K and 873 K have been determined to be 1407 MPa, 20 and 920 MPa, 13, respectively.  
Using Eq. (8), the parameter k1 is calculated to be 8×10
9
 m
-1 
and 5×10
9
 m
-1
 for deformations at 
573K and 873K, respectively. k1 is always regarded as an athermal factor independent of 
temperature and strain rate [295, 297]. However, k1 for deformation at 573K is obviously larger than 
that for the deformations at 873K in our experiments. This contradiction can be attributed to the 
activation of mechanical twinning for the deformations at 573K. The twin boundaries, similar to 
grain boundaries, act as sources for the multiplication of dislocations, enhancing the intensity of the 
dislocation storage rate (k1). Similar phenomenon has been reported in pure Mg [298] and twinning 
induced plasticity in steels [297]. Using Eq. (9), the parameter k2 is calculated to be 13 and 9 for 
deformations at 573K and 873K, respectively. Unlike k1, the dynamic recovery rate k2 is regarded as 
strain rate and temperature dependent and increases with increasing temperatures. However, k2 at 
873K is contrarily smaller than that at 573K for our experiments. It is reasoned that mechanical 
twins can absorb dislocations by dissociating them and forming interface ledges, which will 
enhance the dynamic recovery rate [299]. The difference in k1 and k2 for deformations at 573K and 
873K is consistent with their strain hardening behaviours shown in Figure 1a. In the early stages of 
deformation, when dislocation multiplication is the dominant mechanism, the strain hardening rate 
at 573K is higher than that at 873K because of the larger k1 value, while the strain hardening rate at 
573 K reduces faster than at 873K due to an enhanced dynamic recovery rate due to the presence of 
mechanical twin boundaries. Therefore, the strain hardening rate at 573K is lower than at 873K 
when the strain exceeds 0.15. Though the strength contributed by mechanical twinning is relatively 
small at 573K, the existence of mechanical twins can enhance both the multiplication and 
annihilation of dislocations thereby influencing the strain hardening behaviour of the Ti-Nb-Zr-Mo-
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Sn alloy.      
4.3 Yield behaviour 
The yield behaviour at 293K is likely related to the stress-induced α", ω phase transformations or to 
{332} <113> mechanical twinning according to the deformation products observed from the 
microstructural characterization. It has been observed that the early-stage activation of stress-
induced α" [279], ω phase transformations [300] and/or {332} <113> mechanical twinning [301] 
are related to lower yield stresses. Studies conducted by Sun et al. [72] on a β Ti-12Mo alloy 
reported that dislocation-induced ω and α" phase transformations along with {332} <113> 
mechanical twinning take place at the very beginning of the deformation within true strains of 
around 0.007. However, the exact deformation mechanism at yield point for the deformations at 
293K requires further investigation. It is generally thought that the yield stress will decrease with 
increasing temperatures. However, the yield stress for the Ti-Nb-Zr-Mo-Sn alloy at 573K is higher 
than that at 293K. The higher yield stress can be related to the more dominant role played by 
dislocation slip [302]. The significant reduction in the yield stress at 873K is attributed to the 
cessation of mechanical twinning and to the strong thermal softening effects at the elevated 
temperatures. 
 
5. Conclusion 
In this study, the microstructural evolution and deformation mechanisms of the metastable Ti-Nb-
Zr-Mo-Sn alloy at high strain rates (1000 s
-1
) and temperatures of 293K, 573K and 873K have been 
investigated systematically. The conclusions can be summarized as follows: 
1. The stability of the β phase increases with increasing temperatures and deformation modes 
activated for the dynamic deformations (1000 s
-1
) follow the sequence: {332} <113> and {112} 
<111> mechanical twinning + stress-induced α" and ω phase transformation + dislocations slip at 
293K → {332}<113> and {112}<111> mechanical twinning + dislocations slip at 573K → 
dislocation slip only at 873K. 
2. At 293K, the dominant deformation mechanism is {332} <113> mechanical twinning, which 
induces a much higher strain hardening rate at 293K than at 573K and 873K.  At 573K and 873K, 
dislocation forests control the strain hardening behaviours rather than mechanical twinning. Though 
the stress contributed by mechanical twinning is relatively small at 573K, the existence of 
mechanical twinning can enhance both the multiplication and annihilation of dislocations thereby 
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affecting the strain hardening behaviour of the Ti-Nb-Zr-Mo-Sn alloy.      
3. The low yield stress at 293K is likely caused by stress-induced phase transformations and/or 
{332} <113> mechanical twinning while the enhanced yield stress at 573 K is mainly attributed to 
the more dominant role played by dislocation slip. The dramatic reduction in yield stress at 873K is 
due to the cessation of twinning and significant thermal softening brought by elevated temperatures.  
4. The texture development in the Ti-Nb-Zr-Mo-Sn alloy is related to the deformation mechanisms 
active during the plastic deformation. As dislocation slip is dominant at 573K and 873K, the grain 
orientation gradually rotates to the preferred softer orientation for dislocation slip leading to the 
formation of more <001> and <111> fibre textures at 573K and 873K. 
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Figure.1. (a) True stress-strain curves and corresponding strain hardening rates. (b) Yield stress for 
the Ti-Nb-Zr-Mo-Sn alloy deformed at 1000 s
-1
 at different temperatures.
  
 
 
 
 
 
 
 
 
 
 
 
 
 Hongyi Zhan 
 
154 The University of Queensland 
 
Figure.2. (a) IPF map viewed along the normal direction (ND) (the compressive direction is 
parallel to ND, step size = 0.2 μm) and corresponding (b) Inverse pole figure, (c) Misorientation 
distribution histogram for the as-received Ti-Nb-Zr-Mo-Sn alloy.   
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Figure.3. XRD spectra for the Ti-Nb-Zr-Mo-Sn alloy specimens deformed at 1000 s
-1
 to a true 
strain of 0.2. 
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Figure.4. EBSD and TEM analysis of the specimens deformed at 1×10
3
 s
-1
 and 293 K (True strain 
= 0.2): (a) EBSD IPF map viewed along ND (the compressive direction is parallel to ND, step size 
= 0.2 μm.) (b) Line trace across region arrowed in (a) showing the misorientation angles of the 
twins. (c), (d) TEM bright-field images and corresponding (e) selected area diffraction pattern, (f) 
dark-field image of the {332} <113> twins by selecting diffraction spots circled in (e). 
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Figure.5. (a) Bright-field image of the specimen deformed at 293K and 1000 s
-1
 (True strain = 0.2) 
and corresponding (b) SADP. Dark-field images of (c) {112} <111> twins and (d) α" martensite 
formed by selecting the diffraction spots highlighted in (b). (e) Indexed diagram corresponding to 
{112} <111> twins and α" martensite. 
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Figure.6. (a) Bright-field and (b) Dark-field images showing stress induced ω phase formed in 
specimens deformed at 293K and 1000 s
-1
 and the inset of (b) shows the corresponding SADP.  
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Figure.7. EBSD analysis: (a) IPF map viewed along ND (the compressive direction is parallel to 
ND, step size = 0.4 μm), (b) band contrast map and (c) corresponding misorientation distribution 
histogram for the specimens deformed at 1000 s
-1
 and 573K (True strain = 0.2). 
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Figure.8. EBSD analysis: (a) IPF map viewed along ND (the compressive direction is parallel to 
ND,  step size = 0.4 μm), (b) band contrast map and (c) corresponding misorientation distribution 
histogram for the specimens deformed at 1000 s
-1
 and 873K (True strain = 0.2). 
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Figure.9. Inverse pole figures (viewed along the compressive direction) from specimens deformed 
at (a) 1000 s
-1
, 293K (b) 1000 s
-1
, 573K (c) 1000 s
-1
, 873K and (d) Evolution of texture strength 
with deformation temperature (True strain = 0.2).  
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Figure.10. Plot of θ vs. (σ-σy) for deformations at 573K and 873K with a strain rate of 1000 s
-1
. 
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Chapter 4 
Conclusion and Future Work 
 
 
 
 
 
 
 
 
 
 
 
 Hongyi Zhan 
 
164 The University of Queensland 
4.1 Conclusions 
 
In this research the stress-strain behaviour and microstructural evolution of β titanium alloys with 
different levels of β phase stability have been investigated systematically over a wide range of strain 
rates and temperatures by Split Hopkinson Pressure Bar testing. Several journal articles have been 
published during the course of the research. These papers represent an integrated study which 
contributes to a better understanding of the dynamic response of β titanium alloys to high strain 
rates at room and elevated temperatures. 
The research has demonstrated that β phase stability significantly affects the dynamic response of β 
titanium alloys at high strain rates. For the Ti-6Cr-5Mo-5V-4Al alloy with Moeq ~16, dislocation 
slip is the dominant deformation mechanism under both quasi-static and high strain rate conditions 
at all testing temperatures. The flow stress of the Ti-6Cr-5Mo-5V-4Al alloy increases with 
increasing strain rate but decreasing temperature. Also, the alloy is more sensitive to temperature 
than strain rate. The thermal softening effect brought by adiabatic heating during high strain rate 
deformations is significant and counteracts the strain hardening effect, resulting in significantly 
reduced strain hardening rates at high strain rates in contrast to the situation in quasi-static 
deformation.  
For the Ti-25Nb-3Zr-3Mo-2Sn alloy with Moeq ~10, multiple deformation mechanisms including 
dislocations slip, {332} <113> and {112} <111> mechanical twinning, stress-induced martensite 
and ω phase transformations are activated simultaneously at ambient temperatures and among them 
{332} <113> twinning is dominant, regardless of strain rates. A strong strain hardening rate 
remains at high strain rates at 293K due to the dynamic Hall-Petch effect induced by extensive 
mechanical twinning. The stability of the β phase increases with increasing temperatures, thereby 
the deformation modes activated in the Ti-25Nb-3Zr-3Mo-2Sn alloy deformed at high strain rates 
vary with temperature. At 573K and 873K, dislocation forests primarily control the strain hardening 
behaviour in place of mechanical twinning.   
Adiabatic shear bands were observed in the Ti-6Cr-5Mo-5V-4Al alloy deformed at strain rates of 
4000s
-1
 and 10000s
-1
 when the deformation temperature was increased to 873K. The tendency for 
shear bands to form at elevated temperatures in the Ti-6Cr-5Mo-5V-4Al alloy is potentially a 
consequence of the formation of features with string-like morphologies which only occurred at 
873K. The initiation of adiabatic shear bands did not induce a drastic reduction in the flow stress. A 
high degree of grain refinement was observed by TEM within the shear bands and dynamic 
recovery played the dominant role in the grain refinement process. The recrystallized nanograins 
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observed in the core region of the shear bands have been attributed to the action of rotational 
dynamic recrystallization mechanisms on the basis of kinetic calculations. 
In this research the parameters for the Johnson-Cook model and a modified Zerilli-Armstrong 
model were successfully obtained for the Ti-6Cr-5Mo-5V-4Al alloy. The Johnson-Cook model is 
capable of predicting the dynamic flow behaviour of materials accurately in a narrow domain near 
the strain value used in the parameter fitting analysis. Though the Johnson-Cook model is 
inadequate to track the complex strain hardening behaviour of the Ti-6Cr-5Mo-5V-4Al alloy at high 
strain rates over a wide range of temperatures due to the limitations in its construction, its 
applicability has been demonstrated for the finite element simulations of laser-assisted machining of 
the Ti-6Cr-5Mo-5V-4Al alloy. The modified Zerilli-Armstrong model has a much better capacity 
than the Johnson-Cook model in tracking the complicated strain hardening behaviour of the Ti-6Cr-
5Mo-5V-4Al alloy as the former incorporates the coupled effects of strain and temperature. 
However, the fitting process for the modified Zerrili-Armstrong model is more complicated and the 
temperature range must be taken into consideration when selecting data for parameter fitting in 
order to allow for the influence of dynamic recovery and dynamic recrystallization.       
 
4.2 Future Work 
 
During the course of this research, there were some aspects concerning the dynamic response of β 
titanium alloys to high strain rates and elevated temperatures, which were identified as warranting 
further investigation as detailed below: 
1. The formation mechanism of the features with string-like morphologies in the Ti-6Cr-5Mo-5V-
4Al alloy deformed at high strain rates at 873K.  
The features of string-like morphologies were observed in the Ti-6Cr-5Mo-5V-4Al alloy deformed 
at 4000s
-1
 and 10000s
-1
 at 873K and were related to the initiation of adiabatic shear bands in Paper 1. 
However, the formation mechanism for this feature has not been clarified. Whether they were 
formed by displacive, diffusional or mixed mode mechanisms remains unclear. Investigations on 
the formation mechanisms of the feature will be beneficial for the control of microstructures and 
then optimization of properties for the Ti-6Cr-5Mo-5V-4Al alloy.       
2. The microstructural evolution within adiabatic shear bands in the Ti-25Nb-3Zr-3Mo-2Sn alloy 
and corresponding formation mechanisms. 
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For the Ti-6Cr-5Mo-5V-4Al alloy, dislocation motion and dynamic recovery played important roles 
in the formation of refined grains within the adiabatic shear bands. As multiple deformation 
mechanisms were observed in the Ti-25Nb-3Zr-3Mo-2Sn alloy deformed at high strain rates as 
described in Paper 4 and 5, the microstructural evolution within the shear bands in the Ti-25Nb-
3Zr-3Mo-2Sn alloy and their corresponding formation mechanisms remain unclear and warrant 
further investigation.    
3. The establishment of constitutive models for the Ti-25Nb-3Zr-3Mo-2Sn alloy.    
The dynamic response of the Ti-25Nb-3Zr-3Mo-2Sn alloy to high strain rates at room and elevated 
temperatures is more complicated than the Ti-6Cr-5Mo-5V-4Al alloy. Therefore, empirical 
constitutive models such as the Johnson-Cook model and Zerilli-Armstrong model are not 
appropriate to predict the flow stress of the Ti-25Nb-3Zr-3Mo-2Sn alloy. To the authors’ best 
knowledge, to date no constitutive model has ever been established for the Ti-Nb based β titanium 
alloys. The establishment of physically-based constitutive models, which include the effects of 
mechanical twinning, may be suitable to predict their deformation behaviours.     
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Abstract: Laser assisted machining is a promising new machining technology that can be used to 
assist with the fabrication of components from difficult to machine materials such as Beta titanium 
alloys. To understand the mechanism behind this process, a reliable numerical machining model is 
needed. This study employed an SPH method to the problem of laser assisted machining of Ti-6Cr-
5Mo-5V-4Al alloy. The SPH method has several advantages when dealing with large-deformation 
problems compared with traditional finite element methods.  A laser scanning model was developed 
beforehand to predict the temperature elevation due to laser heating and the temperature results 
were used as initial conditions for the SPH/FE machining models. Johnson-Cook parameters and 
Zerilli-Armstrong parameters of Ti-6Cr-5Mo-5V-4Al alloy were acquired based on experimental 
data from the Split Hopkinson Pressure Bar (SHPB) test and were implemented in the machining 
models. The cutting force predictions of machining models using these two material models were 
discussed in this study. Both conventional machining (CM) and laser assisted machining (LAM) 
were simulated. The main cutting force predictions and the temperature predictions were compared 
with experimental results to validate the models.  
Keywords: Laser assisted machining; SPH method; Material constitutive model 
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1. Introduction 
Owing to their inherent properties such as high strength to weight ratio, high fracture toughness and 
excellent corrosion resistance, beta titanium alloys are widely used in the aerospace industry for 
applications such as landing gear, springs, nacelle and empennage structure [303]. However, the 
machining cost of beta titanium alloys is very high due to their unique properties such as low 
thermal conductivity, strong alloying tendency with some material in the cutting tool, and relatively 
low modulus of elasticity. Thus some advanced machining technologies have been developed to 
improve the machinability of Beta titanium alloys in order to lower the manufacturing cost and 
increase productivity in order to meet the growing demand for products manufactured from beta 
titanium alloys. One of these advanced machining technologies being investigated is laser assisted 
machining (LAM). 
The basic idea of LAM is to introduce a laser beam into the conventional machining system as a 
heat source in order to locally heat and soften the workpiece material before the cutting tool 
removes the unwanted section.  As a result of the laser heating, the yield strength and hardness of 
the workpiece material is reduced which should allow the material to be machined with lower 
power consumption and higher material removal rate and therefore greater productivity [304]. This 
method has been studied by some researchers and is believed to be a promising method to reduce 
the machining cost of difficult to machine materials. Sun et al. [305] carried out a parametric 
investigation on laser assisted machining of commercially pure titanium, compared to conventional 
machining. In this study both a lower magnitude and lower variation of cutting forces and a 
smoother surface finish were achieved. Dandekar et al. [306] reported a significant machinability 
improvement for the Ti-6Al-4V alloy during laser assisted machining, with reduced specific cutting 
energy and improved surface roughness compared to conventional machining. Rahman Rashid et al. 
[307, 308] conducted experimental studies on laser assisted machining of the beta titanium alloy Ti-
6Cr-5Mo-5V-4Al. It was found through this work that cutting force can be reduced by up to 15% 
under LAM when compared with conventional machining, and the optimum feed rate, cutting speed 
and laser power for LAM of Ti-6Cr-5Mo-5V-4Al alloy was 0.15-0.25 mm/rev, 25-125 m/min and 
1200-1600 W, respectively.   
Experimental studies of laser assisted machining can be time consuming and expensive because it is 
a process with complex thermo-mechanical and highly dynamic features, and a large amount of 
heating and cutting parameters can potentially affect the process dramatically. Therefore, it is 
essential to have reliable numerical models to conduct parametric studies on laser assisted 
machining in order to understand the mechanism behind the process and optimize the machining 
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parameters.  
Simulation of conventional machining processes have been widely studied by researchers [309-313], 
and most of this reported work adopted finite element methods. However, as the machining process 
is a large deformation process with complex physical and chemical features, the traditional finite 
element method has some difficulties in simulating the machining process due to issues such as 
mesh tangling and distortion. To overcome these problems, some researchers have introduced a new 
method in their studies to simulate the machining process, which is the smoothed particle 
hydrodynamics (SPH) method.   
The SPH method is a mesh-free Lagrangian numerical method originally developed in 1977 for 
astrophysics applications, and has since been applied in mechanics problems over the past three 
decades. Applying the SPH method to machining models involves several advantages compared to 
the traditional finite element method. First, the mesh-free SPH method does not have the mesh 
tangling and distortion problems which usually happen in traditional finite element analyses 
involving large deformation. Another advantage of the SPH method is that it does not need to use 
chip separation criterion or predefine the cutting path to allow the chip to separate from the 
workpiece. In SPH machining models, the chip will naturally separate from the workpiece, and the 
creation of the new free faces can be directly managed by the SPH method. Limido et al. [314] 
applied the SPH method to simulate high speed metal cutting. The results of the SPH model were 
compared with experimental and numerical data in terms of the chip morphology and the cutting 
forces. The comparison showed that the SPH model is able to predict continuous and serrated chips 
and also the cutting forces. However, in order to reduce the model size and the computational time, 
the tool velocity in the SPH model is assumed to be ten times higher than the real velocity, which in 
reality is valid only for limited situations. Calamz et al. [315] used an SPH metal cutting model to 
analyze the chip formation and cutting forces with and without tool wear. The tool wear was 
modeled by the change of the tool geometry. The predicted results were compared with 
experimental data which showed good agreement for chip formation comparisons. The model 
correctly predicted the variation of the cutting forces induced by the tool wear but not the 
magnitude of the cutting forces. In a similar way to Limido’s work [314], the tool velocity was also 
assumed to be ten times higher than the real velocity in this study.  Zahedi et al. [316] have also 
reported an SPH machining model which can be used to study a micro-machining  process in a 
similar way as other reported SPH machining models,  this work also simulated orthogonal cutting 
with a relatively simple shaped workpiece. 
Simulation of conventional machining has been widely studied by researchers, but only a few 
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studies have addressed the simulation of laser assisted machining. Singh et al. [317] reported a 3D 
transient finite element model of a moving Gaussian laser heat source to characterize and predict 
the heat affected zone of the workpiece material in the laser assisted micro-grooving process. The 
Gaussian distribution of laser power intensity Px,y  at location (x, y) is given by: 
2
, 2 2
2 2
exptotx y
b b
P r
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r r
 
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                                                                                                                (1) 
where 
2 2r x y 
 is the distance measured from the laser beam center and rb is the laser beam 
radius, Ptot =ηPincident , where Ptot is the total power absorbed, Pincident is the incident laser power, and 
η is the average absorptivity of the workpiece material. In the center of the laser beam, when the 
temperature exceeds the melting point the node was assumed to remain in the mesh and the latent 
heat of fusion was simulated by artificially increasing the liquid specific heat. Corresponding 
experiments were conducted to validate the model.  The experimental results were compared with 
the predicted results, where a prediction error of 5%-15% was found with most of the predicted 
results falling within 10% of the measured results. 
Yang et al. [318] also developed a 3D transient finite element thermal model to predict the depth 
and width of the heat affect zone in a Ti6Al4V workpiece caused by laser heating. The model was 
developed using the commercial finite element software ANSYS and the laser beam were simulated 
by a Gaussian heat source. The material emissivity ε and absorptivity η used in the model were 
calculated based on the experimental data using Equation 2 and 3. 
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where k is the thermal conductivity, ΔT is the measured maximum temperature on the top surface of 
the workpiece material, Pincident is the incident laser power, rb is the laser beam radius, U is the laser 
scanning speed, α is the thermal diffusivity. To achieve higher model efficiency, a plane of 
symmetry was used and therefore only half of the workpiece was modeled. Comparisons of the 
simulated and measured maximum depth and width of the heat affected zone for various laser 
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powers and laser scanning speeds were carried out, and very close correlations between simulation 
and experimental results were observed.   
Shen [319] developed a 3D thermal model using the finite element analysis software ANSYS to 
predict the temperature distribution in a silicon nitride workpiece during laser assisted milling. The 
top-hat distribution of laser intensity was used in this study. An approximately uniform heat flux 
was applied to the elements within an elliptic spot on the top surface of the workpiece. Material 
removal was taken into account in this study by deactivating the elements that had been removed. 
Heat generation associated with machining was also considered in the model, however, a later 
detailed study performed by the author showed that the heat generation associated with machining 
is negligible compared to the heat flux input from the laser source. The thermal model was 
validated through experiments, the predicted temperature histories were in good agreement with 
those measured. The minimum temperature in the cutting zone predicted by the thermal model was 
used as the initial workpiece temperature for a 2D distinct element machining model which well 
depicted the brittle behavior of the material removal process of silicon nitride ceramics during laser 
assisted milling. 
In this study, both a traditional finite element method and the SPH method embedded in LS-DYNA 
were used to simulate the laser assisted turning of the beta titanium alloy Ti-6Cr-5Mo-5V-4Al. A 
finite element thermal model was developed to predict the cutting area temperature distribution 
after the laser heated the workpiece material. The laser spot was modeled by an approximately 
uniform heat flux which was applied to elements within a circular spot on the top surface of the 
workpiece. A similar method was adopted in Shen’s study [319]. The temperature distribution result 
predicted by the thermal model was used as an initial condition for a SPH/FE turning model to 
study the LAM process. To develop the machining model, a material constitutive model is 
necessary, therefore a set of Johnson-Cook model parameters and a set of Zerilli–Armstrong model 
parameters for the Ti-6Cr-5Mo-5V-4Al alloy were obtained based on the experimental data from 
the Split Hopkinson pressure bar (SHPB) tests, both sets of parameters were employed in the 
machining simulation. In this study, the laser scanning and the SPH/FE machining models were 
validated by comparing the simulation results with the experimental results. 
 
2. Model descriptions  
2.1 Geometry and mesh 
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A 3D FE/SPH turning model was developed in this study.  The machining parameters were chosen 
based on the laser assisted machining and conventional machining experiments previously 
conducted by the authors’ research group [308]. The machining parameters are listed in Table 1.  
The cutting tool was assumed to be a rigid body in this study. Details of cutting tool geometry and 
its effect on the workpiece geometry were taken into consideration in the simulation, the cutting 
tool used in the turning experiments was a Sandvik CNMX1204 A2-SMH13A tool, the rake angle, 
clearance angle and tool nose radius of this tool are 15°, 6° and 0.4 mm, respectively. Fig.1 shows 
the geometry modeling approach to determine the uncut chip cross-section based on the tool nose 
radius, depth of cut, and feed. Similar geometry setup for the turning process can be found in the 
literature [320-322].    
As shown in Fig.1, the workpiece was divided into two parts, the bottom part was meshed using 
traditional finite elements while the upper part where the chip would be generated and large 
deformation would occur was modeled by SPH particles. SPH method was selected here due to its 
strong ability to handle large deformation problem and chip can separate from the workpiece 
naturally in SPH machining model without predefining any separation line or using any arbitrary 
chip separation criterion. The basic principles of SPH method are discussed below [316, 323]: 
SPH uses a set of particles to represent a continuum, material properties and state variables are 
approximated at these finite particles, which move with material deformation. Each particle 
interacts with all other particles that are within a given distance from it, the distance is usually 
assumed to be 2h, where h is called the smoothing length. The value of a continuous function, or its 
derivative, can be estimated at any particle based on known values at the surrounding particles 
using the following kernel estimates: 
( ) ( ) ( , )f x f x W x x h dx

                                                                                                      (4) 
where f(x) is a function of the three-dimensional position vector x, Ω is the volume of the integral 
that contains x, dx  is a differential volume element, W is the kernel function that weights the 
particles interactions and is defined using the function θ by the relation: 
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where d is the number of space dimensions. W(x,h) should be a centrally peaked function. The most 
common function used by the SPH community is the cubic B-spline which is defined by choosing y 
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as: 
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where C is a constant of normalization that depends on the number of space dimensions.  
Then, the smoothing function W satisfies the following conditions: 
 Normalization condition: 
( , ) 1W x x h dx

                                                                                                                             (7) 
 Delta function property: 
0
lim ( , ) ( )
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                                                                                                              (8) 
where   is the Dirac delta function. 
 Compact support condition: 
( , ) 0 when .W x x h hx x                                                                                                     (9) 
After several steps of derivation and by converting the continuous volume integrals to sums over 
discrete interpolation points, the equations can be expressed as follows: 
( ) ( ) ( , )
j
i i
j j
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f x f x W x x h

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                                                                                                (10) 
where mj is the mass of particle j and ρj  is the density of particle j. The value of a function at 
particle i is approximated using the values of the functions at all the particles that interact with 
particle i.  
2.2 Material constitutive model 
In the machining models, a material constitutive model is required in order to describe the 
relationship between flow stress, strain, strain rate and temperature. The Johnson-Cook (JC) 
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material model [324] is the most widely used material model [325-327] as it requires fewer material 
constants and also few experiments to evaluate these constants. The Johnson-Cook constitutive 
model can be represented by Equation 11: 
0
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where σ is the equivalent flow stress, ε is the equivalent plastic strain,  is the equivalent plastic 
strain rate, 0

 is the reference equivalent plastic strain rate, T is the workpiece temperature, m
T
 is 
the material melting temperature and, r
T
 is the room temperature, A, B, n, m and C are material 
constants.  
Another frequently used material constitutive material model in finite element simulation is Zerilli-
Armstrong (ZA) material model, which is a semi-empirical model based on the theory of 
dislocation dynamics [105]. The model can be expressed by equation as follows: 
3 4( ln )
1 2 5
C T C T nC C C
                                                                                                                 (12) 
where σ is the equivalent flow stress, ε is the equivalent plastic strain,  is the equivalent plastic 
strain rate and T is the workpiece temperature. C1, C2, C3, C4, C5 and n are the material constants for 
ZA model.  
 Both the Johnson-Cook and Zerilli-Armstrong material constitutive models were used in this study 
to describe the material behaviour of the Ti-6Cr-5Mo-5V-4Al alloy. In order to acquire the JC and 
ZA material constants for the Ti-6Cr-5Mo-5V-4Al alloy, Split Hopkinson Pressure Bar (SHPB) 
experiments were carried out. The results from these experiments were used by the authors’ 
research group in order to calculate the constants in the JC and ZA material models for the Ti-6Cr-
5Mo-5V-4Al alloy [328]. The calculated JC and ZA parameters are listed in Table 2.  
2.3 Contact and boundary conditions 
A node to solid contact algorithm was adopted in this model, which is a contact type used 
particularly for SPH particles with solid elements using the plane stress, plane strain or 
axisymmetric formulation. The “tied” option was switched on for the contact interface between the 
SPH part and the bottom part of the workpiece to eliminate the gap between these two parts. The 
Coulomb friction model was implemented in this study. The friction coefficient was calculated 
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using  Equation 13 [329, 330]: 
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                                                                                                                        (13) 
where Ft and Fc are the thrust force and cutting force, respectively and α is the rake angle. The data 
used for the calculation was obtained from the laser assisted machining experiments. Calculation 
results showed that the friction coefficients vary from 0.58 to 0.70. An average value of 0.61 was 
used for the following machining simulations. 
The nodes on the bottom surface of the workpiece were fixed in all directions so that the workpiece 
would not move during the machining simulation. The initial workpiece temperature was set to 
room temperature (20°C) in order to perform the conventional machining simulation first, and then 
the thermal results from a laser heating model which will be discussed below were used as the 
initial thermal condition for the machining model in order to simulate the  laser assisted machining 
process. 
2.4 Laser heating thermal model  
A laser heating thermal model was developed to predict the temperature distribution in the cutting 
area of the workpiece material. The laser heating process was realized by a user-defined subroutine 
where the laser spot was defined by a heat flux fl which in LS-DYNA is defined as heat (energy) 
per time and per surface area, which can be expressed as: 
totqfl
t A

                                                                                                                                     (14) 
where qtot  is the total absorbed laser energy by the elements within the area A per time t. In this 
study, the radius of the laser spot was 1 mm, qtot is decided by the incident laser power and 
absorptivity. Here, the incident laser power was assumed to be 1200 W which is reported as the 
optimum laser power for laser assisted machining of beta titanium alloy Ti-6Cr-5Mo-5V-4Al [307]. 
Absorptivity is an important parameter that affects the efficiency and reliability of laser heating, but 
only limited work to address this subject has been reported. The previously mentioned analytical 
method developed by Yang et al. [318] was adopted in this work to calculate the absorptivity of the 
workpiece material. The method is expressed as Equation 3, and the data used for the absorptivity 
calculation comes from the experimental work conducted by the authors’ group [307, 308].  
Five sets of laser scanning speeds were simulated, these speeds were chosen based on previous 
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parametric studies on laser assisted machining of titanium alloys [305, 307]. The laser scanning 
speeds and the corresponding absorptivity are listed in Table 3. Other assumptions of the thermal 
model included: 
1) The size of the workpiece was 211×20×5 mm. 
2) The workpiece material was assumed to be homogeneous. 
3) The ambient temperature was 20 °C. 
4) Air convention was ignored in this model. 
5) The workpiece density is 4.67×103 kg/m3, the temperature-dependent conductivity and heat 
capacity were measured (see Fig.2.) and used in the simulation.  
2.5 Experimental validation  
The details of laser assisted machining of Ti-6Cr-5Mo-5V-4Al alloy experiments have been 
reported by the authors’ research group [308]. Both the thermal model and the machining model 
developed in this work were validated by comparing the simulation results with this experimental 
data. The basic experiment setup is shown in Fig.3. Laser assisted machining of the Ti-6Cr-5Mo-
5V-4Al alloy was performed on a 3.5 hp Hafco Metal Master lathe (Model AL540). A 2.5 kW 
Nd:YAG laser delivered by a 15 m long laser optical fibre connected to the lathe was used to heat 
the workpiece material. The laser beam was focused by an optical lens with focal length of 200 mm 
at an angle of 40° ±5° onto the workpiece which was placed at a distance of 208 ±5 mm from the 
laser. The diameter of the laser spot was 2 mm. A PCB force sensor (Model 260A01) with an upper 
frequency limit of 90 kHz was used to measure the cutting force. The force signal was recorded and 
analysed by Scope
® 
software, a noise of 10 N was observed. An infrared thermal camera FLIR A40 
was placed 350 mm vertically above the cutting tool to measure the temperature during the 
machining processes. The cutting tool used in the experiments was an uncoated tungsten carbide 
tool CNMX1204A2-SMH13A with a 15° rake angle and 6° clearance angle. The machining 
parameters are listed in Table 1. 
 
3. Results 
3.1 Thermal results 
The temperature distribution on the workpiece after laser scanning is predicted by the laser heating 
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model, as shown in Fig.4. The maximum temperature in the laser spot under various laser scanning 
speeds is shown in Fig.5, it can be seen that the maximum temperature reduced when the laser 
scanning speed increased. The drop in the maximum temperature is possibly due to the shorter laser 
exposure time that resulted from higher laser scanning speed. 
In Fig.5 (a), the predicted maximum temperature in the laser spot is compared with the maximum 
temperature in the laser spot measured in experiments, where a good correlation can be obtained, 
with a maximum error of 9%.  
In the laser assisted machining process, the distance between the laser spot and the cutting tool is 25 
mm. Therefore, the temperature distribution at the cutting tool position which is 25 mm away from 
the laser spot (see Fig.4) was used as the initial workpiece temperature condition for the laser 
assisted machining model. The vertical temperature gradient at the cutting tool position after laser 
heating is shown in Fig.5 (b).  
3.2 Cutting temperature  
Temperature in the cutting area was predicted by the machining models and the results are shown in 
Fig.6. The cutting temperature predicted by the machining model using ZA material parameters is 
higher and more accurate than that predicted by the machining model using JC material parameters. 
A large amount of heat has localized on the chips in the simulated results for the machining model 
using ZA parameters, which shows good agreement with the experimental measurement.    
3.3 Cutting force results 
The main cutting forces predicted by the machining model during conventional machining and laser 
assisted machining are compared with the experimental results in Fig.7. Both the simulation results 
and experimental results indicated that the main cutting force is only slightly influenced by the 
cutting speed within the tested range. However, the results indicated that machining model using JC 
material parameters produced much more accurate predictions with an average error of 5.93%, 
while the predictions from machining model using ZA material parameters has an average error of 
32.04% comparing to the experimental measurements.   
When machining with the assistance of laser heating, the machining model using JC parameters 
predicted a maximum 17.40% decrease in the main cutting forces while the experimental results 
showed a maximum 15.07% reduction in the main cutting force. The predicted average main cutting 
force reduction within the tested cutting speed range is 13.79% which is also in good agreement 
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with the experimental results 11.64%, see Fig.8. 
However, the machining model using ZA parameters offered a totally different prediction which 
showed almost no change in cutting force when the laser assistance was added into the machining 
process.    
Cutting forces predicted by the machining model in this study generally showed good agreement 
with the experimental results. However, machining models that employed ZA parameters failed in 
predicting the cutting force change caused by laser assistance in the machining process, therefore, 
the predictions produced by the machining model using JC parameters would be more reliable for 
this study.  
The machining model using JC parameters produced more reasonable results in this study, but all its 
predictions were slightly smaller than the experimental measurements. The possible reason for this 
is that the material constants were acquired based on the experimental data from Split Hopkinson 
Pressure Bar (SHPB) test results, and the SHPB tests produced less than 0.5 of strain which is 
obviously much smaller than the strain generated in the machining process. It is possible that the JC 
parameters acquired from this experimental data with lower strain results may lead to an 
underestimation of the cutting force in the machining simulation. 
 
4. Conclusion 
Laser assisted machining of Ti-6Cr-5Mo-5V-4Al alloy models have been developed in this work. A 
laser scanning model was established beforehand to predict the temperature in the cutting area due 
to laser heating. The SPH method was used in this study to develop metal cutting models. The 
machining simulation employed a set of Johnson-Cook parameters which were calculated based on 
the experimental data of Split Hopkinson Pressure bar (SHPB) Test. Both conventional machining 
(CM) and laser assisted machining (LAM) were modeled, and the predicted cutting force results 
from the machining models and the temperature results from the thermal models were compared 
with the results obtained from CM and LAM experiments in order to validate the simulations. The 
main findings of this work include:  
 The laser scanning model produced accurate predictions of the maximum temperature in 
the laser spot, it can be seen from both simulation and experimental results that the 
maximum temperature within the material subjected to the laser spot decreased when the 
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laser scanning speed increased. 
 A SPH approach may be able to model workpieces with relatively complex shapes, and 
both JC parameters and ZA parameters can be used in the machining simulations. The 
main cutting forces predicted by the machining model using JC parameters is much more 
accurate than that predicted by machining model using ZA parameters. Moreover, the 
machining model using ZA parameters failed in predicting the cutting force change caused 
by the laser assistance in the machining process. 
 Both the results obtained from the machining model using JC parameters and the 
experimental data indicate that the cutting speed only slightly affects the main cutting 
force within the tested range. Both simulation and experiment showed that the main 
cutting force drops when machining with the assistance of the laser. The maximum main 
cutting force reduction predicted by the simulation is 17.40% while the experimental result 
is 15.07%. 
 Although the main cutting forces predicted by the machining model using JC parameters 
are smaller than the experimental results, the good agreement between the main cutting 
force predictions and the experimental results might indicate that the reported Johnson-
Cook parameters are suitable for implementation in Ti-6Cr-5Mo-5V-4Al alloy machining 
simulations for cutting force studies. 
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Table 1. Machining parameters 
 Conventional machining Laser assisted machining 
Laser Power N/A 1200 w 
Laser Spot Diameter N/A 2 mm 
Laser-Tool Distance N/A 25 mm 
Cutting Speed (m/min) 51, 66, 78, 103, 118 54, 69, 81, 107, 123 
Feed 0.19mm/rev 
Depth of Cut 1 mm 
 
 
 
Table 2. Johnson-Cook parameters and Zerilli-Armstrong parameters for Ti-6Cr-5Mo-5V-
4Al alloy 
Johnson-Cook model Zerilli-Armstrong model 
A=1397 MPa 
B=-569 MPa 
C=0.031 
n=1.215 
m=0.91 
C1=1397 Mpa 
C2=-569 MPa 
C3=0.00113 
C4=-5.2×10
-4
 
C5=0.0302 
n=1.215 
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Table 3. Laser scanning speed and corresponding absorptivity. 
Laser scanning speed (m/min) Absorptivity 
54 0.647 
69 0.685 
81 0.674 
107 0.694 
123 0.712 
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Figure 1. Machining model with detailed cutting tool and workpiece geometry 
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Figure 2. Temperature-dependent conductivity and heat capacity of Ti-6Cr-5Mo-5V-4Al alloy 
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Figure 3. Experiment setup for the machining trials. 
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Figure 4. Laser scanning simulation, laser scanning speed 123 m/min. 
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Figure 5. Temperature results from the laser scanning model. (a) Maximum temperature in 
the laser spot. (b) Vertical temperature gradient resulted from laser heating at the cutting tool 
position, laser power: 1200 w, laser scanning speed: 54 m/min, mesh size: 0.5 mm 
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Figure 6. Cutting temperature comparison, conventional machining, 51 m/min. 
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Figure 7. Predicted main cutting force compared with the experimental measurements 
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Figure 8. Cutting force reduction with the assistance of laser 
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